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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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Chapter 1

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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ABSTRACT  

Background: The factors that determine the effect of enteral feeding on intestinal perfusion 
after preterm birth remain largely unknown. We aimed to determine the effect of enteral 
feeding on intestinal oxygen saturation (rintSO2) in preterm infants and evaluated whether 
this effect depended on postnatal age (PNA), postmenstrual age (PMA), and/or feeding 
volumes. We also evaluated whether changes in postprandial rintSO2 affected cerebral 
oxygen saturation (rcSO2). 

Methods: In a longitudinal observational pilot study using near-infrared spectroscopy we 
measured rintSO2 and rcSO2 continuously for two hours on postnatal Days 2 to 5, 8, 15, 22, 
29, and 36. We compared preprandial with postprandial values over time using multi-level 
analyses. To assess the effect of PNA, PMA, and feeding volumes, we performed Wilcoxon 
signed-rank tests or logistic regression analyses. To evaluate the effect on rcSO2, we also 
used logistic regression analyses. 

Results: We included 29 infants: median (range) gestational age 28.1 weeks (25.1-30.7) 
and birth weight 1025 g (580-1495). On Day 5, rintSO2 values decreased postprandially: mean 
(SE) 44% (10) versus 35% (7), P =.01. On Day 29, rintSO2 values increased: 44% (11) versus 
54% (7), P = .01. Infants with a PMA ≥ 32 weeks showed a rintSO2 increase after feeding (37% 
versus 51%, P =.04) whereas infants with a PMA <32 weeks did not. Feeding volumes were 
associated with an increased postprandial rintSO2 (per 10 mL/kg: OR 1.63, 95% CI, 1.02-
2.59). We did not find an effect on rcSO2 when rintSO2 increased postprandially. 

Conclusions: Our study suggests that postprandial rintSO2 increases in preterm infants only 
from the fifth week after birth, particularly at PMA ≥ 32 weeks when greater volumes of 
enteral feeding are tolerated. We speculate that at young gestational and postmenstrual 
ages preterm infants are still unable to increase intestinal oxygen saturation after feeding, 
which might be essential to meet metabolic demands.
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INTRODUCTION

Introducing preterm infants to enteral feeding is challenging. Gastrointestinal (GI) motility 
of preterm infants is limited causing delay in gastric emptying and intestinal transit. This in 
turn could easily result in intolerance to feeding.1 Enteral feeding has beneficial effects on 
the structural and functional development of the GI tract.1,2 The passage of enteral feeds 
leads to an increased metabolic demand on the small intestine. This results in increased 
intestinal perfusion from the superior mesenteric artery (SMA) known as postprandial 
hyperaemia.3,4 If this increased metabolic demand after enteral feeding cannot be met, 
feeding intolerance (FI) may occur, resulting in delayed full enteral feeding (FEF) and 
possibly even necrotizing enterocolitis (NEC).5-8 Furthermore, as preterm infants are at risk 
of impaired cerebrovascular autoregulation, postprandial redistribution of blood in favour 
of the intestines may result in cerebral underperfusion.9-11

Near-infrared spectroscopy (NIRS) is a non-invasive method to assess end-organ 
perfusion in preterm infants.8,12-14 It allows us to measure regional tissue oxygen saturation 
(rSO2) continuously.12-14 From this measure fractional tissue oxygen extraction (FTOE) can 
be calculated, which reflects the balance between oxygen delivery and consumption.12-14

Recent studies on NIRS or Doppler flow measurements of the SMA reported that healthy 
preterm infants, who tolerate enteral feeding of at least 100 mL/kg/day, demonstrate 
increased intestinal postprandial perfusion while cerebral perfusion remains stable.2,15-17 
Nevertheless, little is known about whether this capability of the premature intestine to 
increase its perfusion after feeding is dependent on postnatal age (PNA), postmenstrual 
age (PMA), and/or feeding volumes. In addition, it remains unclear if cerebral perfusion 
also remains stable when postprandial redistribution of blood in favour of the intestines 
occurs soon after birth or in younger infants. Furthermore, studies that evaluated whether 
the presence or absence of postprandial intestinal hyperaemia is associated with the 
development of FI or with the development of NEC, are limited. Therefore our aim was 
to determine the effect of enteral bolus feeding on intestinal oxygen saturation (rintSO2) 
and extraction in preterm infants during the first five weeks after birth, and to evaluate 
whether this effect depended on PNA, PMA, and/or feeding volumes. Furthermore, we 
explored whether the cerebral oxygen saturation (rcSO2) and extraction changed when 
postprandial rintSO2 increased after enteral feeding. 

METHODS

Participants 
For this prospective, longitudinal, observational, exploratory study we derived patients 
from a larger observational cohort study at our tertiary referral neonatal intensive care unit 
(NICU) that aimed to identify prognostic markers for the development of NEC in high-risk 
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neonates (CALIFORNIA-Trial, Dutch Trial Registry NTR4153).18,19 For this trial, all infants who 
were at high risk of developing NEC, who were born between October 2012 and February 
2014, and had been admitted to our NICU were eligible for inclusion. High-risk infants were 
defined as infants with a gestational age (GA) of less than 30 weeks or a birth weight (BW) 
of less than 1000 g, or a GA of less than 32 weeks and a BW below 1200 g, or preterm-
born infants who had been exposed to indomethacin antenatally.20 Exclusion criteria were 
congenital abdominal malformations or large chromosomal defects. For this pilot sub-study, 
which was part of a new scientific project, we started with precisely recording the feeding 
times from August 2013 onwards and included all preterm infants born between August 2013 
and January 2014 and who had been admitted to our NICU. All infants were included after 
their parents had given written informed consent within 72 hours after birth. The study was 
approved by the ethical review board of University Medical Center Groningen.

Feeding data
All infants received enteral feeding through nasogastric tubes. Feedings consisted of 
preterm formula, mother’s own milk, donor mother’s milk, or a combination. Infants who 
weighed less than 1200 g received enteral bolus feeding every two hours for 10 to 15 
minutes by tube and open syringe using gravity. Infants who weighed more than 1200 g were 
fed once every three hours. As feeding volumes are relatively larger in case of bolus feeding 
once every three hours than once every two hours, we recorded feeding volumes in mL/kg/
day but also in mL/kg during the NIRS measurement. All infants received 10 to 20 mL/kg 
on the first day after birth. Subsequently, feeding volumes were increased daily by 20 mL/
kg/day unless gastrointestinal problems, such as recurrent vomiting or gastric retentions 
exceeding 5 mL, occurred repeatedly. 

The feeding times were recorded during the NIRS measurements. We recorded the 
time at which feeding commenced, that is the time the feeding bolus was connected to the 
feeding tube, and the time feeding ended, that is the time the feeding tube was empty, 
feeding volumes (expressed in mL), and the type of feeding received by the infant. 

Gastrointestinal complications
We recorded whether infants developed FI, NEC or a spontaneous intestinal (SIP) perforation. 
FI was defined as > 50% decrease in ml/kg/day of enteral feeding or withdrawal of enteral 
feeding because of abdominal distension, vomiting, abundant gastric retentions, bilious or 
bloody gastric retentions, or bloody stools. 
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Clinical characteristics
Prospectively, we collected data on GA, BW, PMA, PNA, sex, Apgar scores, SNAPPE-II score 
as measure for severity of illness,21 respiratory support, PCO2, pH, haemoglobin, systolic, 
diastolic, and mean arterial blood pressure, the need for fluid resuscitation or inotropic 
support, the presence of a hemodynamically significant patent ductus arteriosus (PDA), and 
the presence of cerebral pathologies on cerebral ultrasound.
 
Near-infrared spectroscopy
We used the INVOS 5100C near-infrared spectrometer in combination with neonatal 
SomaSensors (Medtronic, Dublin, Ireland) to measure rintSO2 and rcSO2. We used Mepitel® film 
(Mölnlycke, Sweden), which does not adversely affect INVOS integrity or validity,22 to keep 
the sensor in place and as a skin barrier below each sensor. To measure rintSO2 we placed the 
sensor infraumbilically on the central abdomen. To measure rcSO2 we placed the sensor on 
the left or right frontoparietal side of the head. Intestinal and cerebral rSO2 were measured 
for two uninterrupted hours, starting at 5 minutes prior to feeding, during postnatal Days 
2 to 5, 8, 15, 22, 29, and 36. The study ended prior to Day 36 if an infant developed NEC 
Bell Stage ≥ 2, died, or was discharged from the NICU. We removed artefacts from the rSO2 
measurements. Artefacts were defined as instances recorded as sensor displacement, or 
a sudden major non-physiologic increase or decrease of the rSO2 values within seconds, 
which suggests an incorrect measurement. We measured transcutaneous arterial oxygen 
saturation (SpO2) simultaneously with the rSO2 measurements using Nellcor (Medtronic) 
sensors. Next, we calculated intestinal and cerebral FTOE with the following formula: 
(SpO2-rSO2)/SpO2. The FTOE reflects the balance between oxygen delivery to the tissue 
measured and oxygen consumption of the tissue measured, and depends less on changes in 
arterial oxygen saturation.10

  
Statistical analyses and sample size
For statistical analyses we used SPSS 23.0 (IBM Corp., Armonk, NY, USA). We described the 
patient characteristics in terms of median (range) values. First, after confirming normal 
distribution of the data, we calculated the mean and standard error of the mean (SE) of 
all NIRS measurements at three points in time on postnatal Days 2 to 5, 8, 15, 22, 29, and 
36, viz. 5 minutes prior to feeding and 10 to 30 minutes and 30 to 60 minutes after feeding 
had commenced. SE was preferred over standard deviation, given the comparison of means 
and given the small sample size, which may hamper accurate estimation of the means.23,24 
Next, we built a multi-level model for each dependent variable using the statistical 
program MLwiN 2.15 (University of Bristol, Bristol, UK).25 Given the presence of missing 
data, an advantage of multilevel analysis is that this analysis calculates weighted means 
and their standard errors, which takes the number of data points per infant into account, 
thus allowing infants with more data points to weigh more into the estimated mean than 
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infants with less data points. Four models, one for each dependent variable (rintSO2, rcSO2, 
intFTOE, and cFTOE) were specified with measurements (Level 1) nested within subjects 
(Level 2). Thus, the dependency between measurements was taken into consideration in 
which the intercept represented the baseline measurement (before feeding) on Day 2. To 
compare preprandial measurements with measurements 10 to 30 and 30 to 60 minutes 
postprandially, each model consisted of 27 terms (9 days multiplied by the three points in 
time; that is each term is defined as one measurement of one day). A t test was used to test 
for differences between an estimated mean and the intercept.26 We tested the contrast of 
the sum of parameters from which each estimate is derived using a chi-square test with one 
degree of freedom to test for differences between two estimated means.  

Second, to evaluate whether the effect of enteral bolus feeding on the rintSO2 depended 
on PMA, we clustered the measurements into different groups, that is PMA < or ≥ 30 weeks 
and < or ≥ 32 weeks and performed a Wilcoxon signed rank test between preprandial and 
postprandial rintSO2 values. Next, to determine whether feeding volumes were associated 
with the effect of enteral feeding on rintSO2, we used a univariate logistics regression 
analysis between postprandial rintSO2 values (categorized into increase or no increase) and 
the amount of the bolus enteral feeding per 10 mL/kg. 

Thereafter, to explore whether a postprandial rintSO2 increase was associated with 
a decreased postprandial rcSO2, we performed a logistic regression analysis between 
categorized data; that is increase or no increase of the rintSO2 versus decrease or no decrease 
of the rcSO2. Finally, we performed a subanalysis between infants who did and did not 
develop any GI complications. Infants were categorized into four groups; Uncomplicated, 
FI, NEC, and SIP. As two out of the three NEC infants developed NEC within 14 days, we 
clustered the data from the first two postnatal weeks and calculated delta’s between 
baseline rintSO2 and postprandial rintSO2 values, and performed a Mann Whitney U between 
delta’s of the infants with and without a GI complication. For this subanalysis, we used a 
non-parametric test as the delta’s in this small sample size were not normally distributed 
and therefore presented these data in medians [IQRs].  

Throughout the analyses a P value < .05 was considered statistically significant. We 
chose not to correct for multiple testing in this explorative study.

RESULTS

Patient characteristics
We included 29 patients out of 33 eligible patients (Figure 1). We had to exclude four 
infants because of missing rSO2 data. The 29 remaining infants had a median GA of 28.1 
weeks (range 25.1-30.7) and a median BW of 1025 g (range 580-1495). Table 1 provides an 
overview of the patient characteristics. Three infants died during the study period after 
a median of 21 days (range 16-25) after birth: one infant died of NEC, one of multi-organ 
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failure as a result of sepsis, and one infant died of progressive respiratory failure. Three 
infants developed NEC Bell’s Stage ≥ 2 on postnatal Days 7, 10, and 30, respectively. Two 
infants developed a spontaneous intestinal perforation on postnatal Day 8 and Day 12. 
Thirteen patients were discharged from the NICU prior to the 36th day (from Day 15 onward). 
In 16 patients we were unable to measure intestinal NIRS during the first two to eight days 
after birth because of the placement of umbilical catheters taped to the infraumbilical skin 
or as a result of a lack of space on the infants’ abdomens. 

Figure 1. Flow diagram of the study population 
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Table 1. Patient characteristics during the study period

Study population n = 29

Boys/Girls
Gestational age, weeks
Birth weight, g 
Sets of twins
Small-for-gestational-age (P < 10)
Head circumference on day of birth, centimetres
Apgar score at 5 minutes
SNAPPE-II score 
Intestinal pathologies

- Necrotizing enterocolitis
- Spontaneous intestinal perforation

Sepsis (including suspected sepsis)  
Circulatory failure

- Fluid resuscitation
- Inotropic treatment

Respiratory support* 
- Mechanical ventilation
- Continuous positive airway pressure
- High flow
- Low flow or no support

Cerebral lesions
- Germinal matrix haemorrhage-intraventricular haemorrhage

Grade I
Grade II

- Transient periventricular echodensities
- Periventricular leukomalacia                                      

Patent ductus arteriosus                     
- Expectative policy
- Ibuprofen treatment
- Surgical clip

Hyperbilirubinemia
Anaemia      
Hemoglobin (mmol/L)

- Day 2    
- Day 3
- Day 4
- Day 5
- Day 8
- Day 15
- Day 22
- Day 29
- Day 36                                                                                  

Enteral feeding*
- Mother’s milk
- Preterm formula
- Donor mother’s milk

Infusion rate bolus feeding (mL/min)

16/13 (65%/45%)
28+1 (25+1 - 30+5)
1025 (580 - 1495)
4 (14%)
6 (21%)
25.0 (22.5-29.0)
7 (2-9)
28 (0-77)

3 (10%)
2 (7%)
22 (76%)

7 (24%)
2 (7%)

16 (55%)
27 (93%)
7 (24%)
15 (52%)

6 (21%)
2 (7%)
10 (34%)
13 (45%)

7 (24%)
6 (21%)
3 (10%)
23 (79%)
19 (66%)

9.1 (7.6-11.6)
9.0 (6.5-11.6)
8.6 (6.5-11.9)
8.4 (6.8-11.9)
8.5 (6.9-10.6)
8.2 (6.2-9.7)
8.0 (5.7-8.4)
7.8 (6.2-9.5)
8.3 (6.4-9.8)

24 (83%)
20 (69%)
10 (34%)
3.4 (0.1-60.0)

Abbreviations: SD, standard deviation. SNAPPE-II, Score for Neonatal Acute Physiology - Perinatal 
Extension II. The data are expressed as median (range) or as numbers (percentages) unless otherwise 
specified. *The numbers exceed totals, because a single infant could have several respiratory supports 
and several types of enteral feeding during the first 36 days after birth. 
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The effect of feeding on intestinal oxygenation in relation to postnatal age
On Day 5, mean postprandial rintSO2 values were lower than mean preprandial values: 10 
to 30 minutes after feeding rintSO2 was 38% (SE 7) versus 44% (SE 10) before feeding, just 
failing to reach significance (n = 12, P  = .07), while 30 to 60 minutes after feeding the 
decrease was significant (35%, SE 7, versus 44%, SE 10, n = 12,  P  = .01). On Day 29 (median 
postmenstrual age: 31.7 weeks, range 29.3-34.7), mean postprandial rintSO2 values 10 to 
30 minutes after feeding increased with respect to preprandial values (rintSO2 54%, SE 7, 
versus 44%, SE 11, n = 10, P = .01). The intFTOE did not change concomitantly. We provide 
a complete overview of the results in Table 2 and Figure 2.

Figure 2. Preprandial rintSO2 values compared to postprandial rintSO2 values on postnatal days
The bars represent the mean and standard error of the mean of individual rintSO2 values before and 
after enteral feeding. The mean rintSO2 is marked with a o within the bars.
Statistically significant differences are marked with an asterisk: * < .05.
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Table 2. Preprandial compared to postprandial values of rintSO2, rcSO2, intFTOE, and cFTOE values 
on postnatal days

M1 
Mean (SE)

M2 
Mean (SE)

M3 
Mean (SE)

P value 
M1 vs. M2

P value 
M1 vs. M3

Day 2
rintSO2 (%, n = 10) 
rcSO2 (%, n = 28)
intFTOE (n = 9)
cFTOE (n = 27)

40 (11)
77 (4)
0.48 (0.14)
0.13 (0.04)

38 (7)
77 (3) 
0.57 (0.14)
0.14 (0.04)

40 (7)
78 (3)
0.47 (0.14)
0.13 (0.04)

.46  

.71

.24

.97

1.00
.43
.85
.90

Day 3
rintSO2 (%, n = 7) 
rcSO2 (%, n = 25)
intFTOE (n = 7)
cFTOE (n = 25)     

37 (11)
75 (4)
0.58 (0.14)
0.17(0.04)

39 (7)
76 (3)
0.48 (0.14)
0.17 (0.04)

41 (7)
76 (3)
0.51 (0.14)
0.16 (0.04)

.58 

.30 

.18 

.80 

.32 

.37 

.31 

.46

Day 4
rintSO2 (%, n = 11) 
rcSO2 (%, n = 28)
intFTOE (n = 11)
cFTOE (n = 28)

34 (10)
73 (4)
0.65 (0.14)
0.18 (0.04)

34 (7)
72 (3)
0.59 (0.14)
0.20 (0.04)

35 (7)
73 (3)
0.57 (0.14)
0.17 (0.04)

.91 

.48 

.34 

.27 

.59 

.83 

.19 

.67 

Day 5
rintSO2 (%, n = 12) 
rcSO2 (%, n = 27)
intFTOE (n = 12)
cFTOE (n = 27)     

44 (10)
73 (4)
0.49 (0.14)
0.19 (0.04)

38 (7)
72 (3)
0.58 (0.14)
0.21 (0.04)

35 (7)
72 (3) 
0.48 (0.14)
0.21 (0.04)

.07  

.32 

.16 

.26 

.01* 

.19 

.84  

.27 

Day 8
rintSO2 (%, n = 12) 
rcSO2 (%, n = 25)
intFTOE (n = 12)
cFTOE (n = 25)     

39 (10)
67 (4)
0.59 (0.13)
0.25 (0.04)

38 (7)
71 (3)
0.56 (0.13)
0.22 (0.04)

35 (7) 
73 (3) 
0.62 (0.14)
0.20 (0.04)

.61 

.01* 

.63 

.27 

.21  
<.01* 
.66 
.03* 

Day 15
rintSO2 (%, n = 15) 
rcSO2 (%, n = 19)
intFTOE (n = 15)
cFTOE (n = 19)     

34 (10)
66 (4)
0.59 (0.13)
0.28 (0.05)

39 (7)
64 (3)
0.51 (0.13)
0.26 (0.04)

38 (7)
63 (3)
0.58 (0.13)
0.27 (0.04)

.13 

.22 

.17 

.33 

.15 

.09 

.87 

.76 

Day 22
rintSO2 (%, n = 11) 
rcSO2 (%, n = 14)
intFTOE (n = 11)
cFTOE (n = 14)     

48 (10)
57 (4)
0.46 (0.14)
0.36 (0.05)

47 (7)
58 (3)
0.45 (0.14)
0.27 (0.05)

45 (7)
58 (3)
0.46 (0.14)
0.33 (0.04)

 
.67 
.46 
.93 
<.01*

.35 

.39 

.90 

.23

Day 29
rintSO2 (%, n = 10) 
rcSO2 (%, n = 12)
intFTOE (n = 10)
cFTOE (n = 12)      

44 (11)
62 (5)
0.43 (0.14)
0.26 (0.05)

54 (7)
63 (3)
0.40 (0.14)
0.27 (0.05)

50 (7)
62 (3)
0.45 (0.14)
0.28 (0.05)

.01* 

.63 

.65 

.71 

.18 

.87  

.78 

.42 

Day 36
rintSO2 (%, n = 8) 
rcSO2 (%, n = 8)
intFTOE (n = 8)
cFTOE (n = 8)     

47 (11) 
65 (5)
0.40 (0.14)
0.26 (0.05)

49 (7)
65 (3)
0.37 (0.14)
0.26 (0.05)

46 (7)
66 (3)
0.50 (0.14)
0.23 (0.05)

.56 

.80 

.65 

.88

.84 

.52 

.21 

.37

Abbreviations: M1, measurement 1 (preprandial); M2, measurement 2 (10 to 30 minutes postprandial); 
M3, measurement 3 (30 to 60 minutes postprandial). The data are expressed as mean (standard errors 
of the mean) unless otherwise specified. * P value < .05
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The effect of feeding on rintSO2 in relation to postmenstrual age
We found that infants with a PMA ≥ 32 weeks showed a significant postprandial increase of 
the rintSO2 10 to 30 minutes after feeding (37% versus 51%, P =.04, n = 10, 13 measurements) 
and a non-significant increase 30 to 60 minutes after feeding (37% versus 44%, P =.06, n = 
10, 13 measurements). All data are presented in Figure 3.

Figure 3. Preprandial rintSO2 values compared to postprandial values between PMA groups
The bars represent the mean and standard error of the mean of individual rintSO2 values before and 
after enteral feeding for the different PMA groups; PMA < or ≥30 weeks (3A), PMA < or ≥32 weeks (3B). 
The mean rintSO2 is marked with a o within the bars. Statistically significant differences are marked 
with an asterisk: * < .05.

The effect of enteral bolus feeding on rintSO2 in relation to feeding volumes
We found a significant association between feeding volumes (mL/kg) and the change in 
rintSO2 10 to 30 minutes after feeding. For every 10 mL/kg more enteral feeding per bolus 
10 to 30 minutes after feeding, the odds score for an increasing postprandial rintSO2 was 1.6 
times higher (95% CI, 1.02-2.59, P = .04). Feeding volumes were not significantly associated 
with the change in rintSO2 30 to 60 minutes after feeding. Table 3 provides an overview of 
enteral feeding volumes.
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Table 3. Enteral feeding volumes of all included infants per day and during NIRS measurement

Day Feeding mL/kg/day Feeding mL/kg/measurement

2 (n = 29)
3 (n = 29)
4 (n = 29)
5 (n = 29)
8 (n = 27)
15 (n = 23)
22 (n = 17)
29 (n = 12)
36 (n = 10)

20.8   (17.8 – 26.7)
39.4   (27.9 – 43.3)
56.3   (34.5 – 63.2)
73.1   (44.5 – 80.9)
101.2 (68.1 – 125.7)
149.3 (88.8   – 152.3)
150.1 (139.8 – 156.2)
145.4 (127.7 – 153.2)
149.5 (125.7 – 154.1)

2.1   (1.4 – 2.7)
2.8   (2.3 – 4.1)
4.4   (3.2 – 6.2)
5.6   (3.9 – 7.8)
8.9   (5.3 – 12.7)
12.4 (8.7 – 13.3)
14.0 (12.2 – 19.0)
17.2 (11.9 – 18.6)
18.4 (14.8 – 19.1)

The data are expressed as median (interquartile range)

The effect of a changing intestinal oxygenation after feeding on cerebral oxygenation
Clustering all feeds observed, for all instances that the postprandial rintSO2 increased, the 
median postprandial increase was 7% (range 1-41, n = 21, 42 measurements) 10 to 30 minutes 
and 11% (range 1-41, n = 22, 40 measurements) 30 to 60 minutes after feeding, respectively. 
For all instances that the postprandial rcSO2 decreased, median postprandial decrease was 
-5% (range -22 to -1, n = 29, 77 measurements) 10 to 30 minutes and -4% (range -31 to -1, 
n = 29, 82 measurements) 30 to 60 minutes after feeding, respectively. We did not find an 
association between an increasing postprandial rintSO2 and a decreasing postprandial rcSO2.  
We did, however, find that the absence of an increasing postprandial rintSO2 was significantly 
associated with a 3.6 times higher odds ratio for a decreasing rcSO2 10 to 30 minutes (95% CI, 
1.5-8.9, P = <.01) and a 3.0 times higher odds ratio for a decreasing rcSO2 30 to 60 minutes 
(95% CI, 1.2-7.3, P =.02) after feeding. Preprandial and postprandial rcSO2 (and cFTOE) 
values are presented in Table 2.
 
Infants with and without the development of gastrointestinal complications
Seven infants developed FI (24%), three infants developed NEC (10%), and two (7%) infants 
developed SIP. We did not find a change in rintSO2 10-30 minutes after feeding between 
infants who developed NEC and infants who did not develop a GI complication during the 
first two postnatal weeks. The infants who developed NEC, however, tended to have a 
decreasing rintSO2 30-60 minutes after enteral feeding compared to infants without GI 
complications (-24 % vs. 1 %, P =.06) during the first two postnatal weeks (Figure 4). There 
was no change in rintSO2 10-30 minutes and 30-60 minutes after feeding between infants who 
developed FI and infant without GI complications, and between infants who developed SIP 
and infants without GI complications (Figure 4). 
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Figure 4. Postprandial change in rintSO2 values in infants with and without abdominal complications
The boxes represent the change in rintSO2 values of the clustered data from the first two postnatal 
weeks between the 25th and 75th centiles (interquartile range) between baseline and 10-30 minutes 
after feeding (4A) and between baseline and 30-60 minutes after feeding (4B) for infants without 
abdominal complications (uncomplicated), infants who developed feeding intolerance (FI), necrotizing 
enterocolitis (NEC), and a spontaneous intestinal perforation (SIP); the whiskers represent the range of 
the values with the exception of outliers. Outliers are represented by the circles and diamonds, defined 
as values between 1.5 interquartile range and 3 interquartile ranges from the end of a box. # <.10.

DISCUSSION

We demonstrated that in our group of preterm infants, born after approximately 28 weeks 
of gestation, a postprandial increase of intestinal oxygen saturation does occur, albeit at 
group level only in the fifth week after birth or in infants of a relatively older corrected 
gestational age. Furthermore, we showed that not a postprandial increase of intestinal 
oxygenation, but rather the absence thereof, was associated with a higher risk of a decrease 
of the cerebral oxygen saturation. 

Our results suggest that during the first four weeks after birth at group level, intestinal 
perfusion does not exceed any potential increased oxygen consumption after enteral 
feeding. In the fifth week after birth the PMA of the remaining infants was 31.7 weeks. We 
assume that during this period the postprandial effect of feeding on the intestinal rSO2 can 
be explained by an increasing PMA rather than PNA, because we demonstrated that infants 
with a PMA ≥ 32 weeks have an increased postprandial rintSO2. In addition, by this time the 
remaining infants received relatively greater feeding volumes, which we demonstrated to 
be another important factor to elicit postprandial hyperaemia. Previous reports showed 
increased postprandial intestinal oxygen saturation using NIRS2,15,16 or increased postprandial 
blood flow velocity of the SMA using Doppler measurements,3,4 but these measurements 
were mainly done cross-sectionally, in fullterm and preterm infants with a corrected GA of 
at least 32 weeks, and were not assessed from birth onwards. 
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We offer several explanations for the fact that we did not find increased intestinal oxygen 
saturation after enteral bolus feeding during the first four weeks after birth and in the 
younger infants with a PMA < 32 weeks based on the principle that intestinal oxygenation 
consists of a balance between oxygen supply and consumption.15 First, it may be that 
neither intestinal oxygen supply nor oxygen consumption changes in very preterm infants 
after enteral feeding because of intestinal immaturity on account of the fact that intestinal 
maturation is an ongoing process up to 33 to 34 weeks of gestation, and even beyond.27

Besides intestinal immaturity, the low feeding volumes received during the first weeks 
after birth, especially in the youngest infants, may only result in a limited increase of 
intestinal metabolism and perfusion. Previous reports on animal models demonstrated a 
dose-dependent hyperaemic intestinal response after feeding.28,29 In addition, previous 
studies that reported increased intestinal perfusion after feeding were performed in 
preterm infants who tolerated feeding volumes of 100 mL/kg/day.2,15-17 We confirmed that 
indeed increased feeding volumes were associated with a higher chance of increasing 
intestinal saturation after feeding.

Another, but perhaps less likely explanation for not finding any change in intestinal 
oxygenation after feeding in the youngest infants, may come from a potentially perfect 
balance between oxygen supply and oxygen consumption. It may be that both increase 
equally after enteral feeding. One would, however, sooner expect such perfect harmony in 
the more mature infants. 

Finally, several perinatal conditions may have influenced our findings. In comparison 
to populations reported on previously, our study population consisted of a relatively large 
proportion of infants who had a hemodynamically significant PDA. It has been demonstrated 
that preterm infants with large PDAs show a very slight increase of SMA blood flow velocities 
one hour after enteral bolus feeding compared to preterm infants without a PDA or a small or 
moderate PDA.30 Therefore, in our study, the relative large proportion of infants with a PDA 
might have contributed to a lack of postprandial rintSO2 increase at group level. Additionally, 
other perinatal morbidities, (that is being born small for gestational age or anaemia, Table 
1) may also have contributed to our results. Two recent studies demonstrated a lack of 
increase, or even a decrease, in postprandial rintSO2 in a group of anaemic preterm infants 
and in preterm infants who showed fetal signs of intrauterine growth restriction.31,32 Martini 
et al showed that preterm infants with abnormal prenatal umbilical Doppler measurements 
lack any effect of the first enteral feeding on rintSO2.

29 The results of these studies suggest 
that the intestinal response to enteral feeds is complex and that it is influenced by intestinal 
immaturity as well as intestinal condition and other perinatal factors.31,32 The hemoglobin 
levels in our study population decreased over time during the five weeks after birth, while 
we demonstrated that the rintSO2 increased after enteral feeding in the fifth week after 
birth. We therefore speculate that the maturing process of the intestine after birth and 
the greater feeding volumes have a larger contribution on the change in intestinal oxygen 
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saturation after enteral feeding and attenuate the effect of the level of hemoglobin. 
Unfortunately, we were unable to perform subanalyses to address these issues on account 
of the size of our sample.  

We did not observe an association between postprandially increased intestinal oxygen 
saturation and postprandially decreased cerebral oxygen saturation. On the contrary, we 
did find an association between a lack of a postprandial increase of the intestinal rSO2 and 
the risk of a decreased cerebral rSO2. We hypothesize that the infants with a lower PMA, 
who more often seemed to lack an adequate intestinal response, might have a less adequate 
cerebrovascular autoregulation and thus are at risk of compromised cerebral perfusion. A 
decrease of the cerebral oxygen saturation might indicate a decreased systemic circulation. 
One of the reasons for a decreased systemic circulation might be a lower cardiac output, 
but this might also be due to changes in blood pressure or redistribution of blood flow to 
other vital organs that temporarily have an increased metabolic demand. As the cerebral 
oxygen saturation is not a measure for cardiac output, assumptions concerning a decrease in 
cardiac output, or to what extent the cardiac output might have changed, cannot be made. 
Previously, stable cerebral oxygen saturation values were reported in studies that evaluated 
the effect of enteral feeding on rSO2 in preterm infants.2,16,33,34 Combining these results with 
our results suggests that cerebral saturation is not compromised when intestinal perfusion 
increases after enteral bolus feeding, possibly on account of adequate cerebrovascular 
autoregulation, but that this may be age-dependent. 

In our study, only a few infants developed NEC. The infants who subsequently developed 
NEC tended to have a decreasing intestinal oxygen saturation 30-60 minutes after bolus 
feeding during the first two postnatal weeks, whereas infants without GI complications, 
FI, and SIP did not. As a result of the very small number of infants, these results have to 
be carefully interpreted, and conclusions cannot be made based on these results, which 
require further investigation in a larger cohort.

An important strength of this exploratory study is the longitudinal design that created 
the opportunity to address the age-dependent component on the effect of enteral feeding 
on intestinal perfusion. Nevertheless, we also recognise several limitations to our study. The 
first limitation was the relative small population studied. Therefore we could not analyse 
the influence of comorbidities on intestinal perfusion after enteral feeding. Neither could 
we stratify the study cohort on the basis of feeding intervals or feeding type, nor could we 
perform multivariable regression analyses to test for possible confounding factors. Despite 
the fact that we performed several tests we chose not to correct for multiple testing, 
because we considered this observation to be exploratory and hypothesis generating. 
Another limitation concerns validity issues using NIRS to assess intestinal oxygenation. 
Movement of the gut, abdominal gasses, and stools could influence the signal because 
of absorption changes of the near-infrared light which is path-length dependent.6,14,31,32,35 
Additionally, standard limits of intestinal oxygen saturation are not yet established on 
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account of the wide intervariability and intravariability of intestinal rSO2 values.14,16 Finally, 
we clustered our data to determine whether the effect of enteral feeding on the intestinal 
rSO2 depends on PMA. Therefore the contribution of measurements per infant was unequally 
distributed and we might have underestimated or overestimated our results.  Nevertheless, 
to our knowledge, this is the first longitudinal study demonstrating that enteral feeding only 
affects intestinal oxygen saturation after weeks, or when infants have reached 32 weeks 
PMA, and larger volumes of feeds. 

CONCLUSION

Our results suggest that postprandial intestinal hyperaemia does only occur at group level 
from the fifth week after birth or in infants with relatively older corrected gestational ages 
receiving a greater amount of enteral feeding. In addition, we showed that postprandial 
intestinal hyperaemia is not associated with compromised cerebral perfusion. Our study 
provides more insight into the intestinal physiologic response to enteral feeding in preterm 
infants. A better understanding of this intestinal physiologic postprandial response might 
support clinicians in identifying infants at risk for the development of GI complications.  This 
exploratory study, however, raises questions about when and why intestinal saturation does 
or does not increase after enteral bolus feeding in the early postnatal weeks of a preterm 
infant, and whether a decreasing intestinal perfusion after feeding may be associated with 
GI complications later on. Further study is required to address these issues. Moreover, 
larger studies addressing possible confounders on the intestinal haemodynamic response to 
enteral feeds, such as PDA and other perinatal morbidities, are needed. 
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ABSTRACT

Objective: To assess whether intestinal (rintSO2) and cerebral (rcSO2) oxygen saturation 
measurements aid in estimating survival of preterm infants after surgery for necrotizing 
enterocolitis (NEC).

Summary Background Data: Predicting survival after surgery for NEC is difficult yet of the 
utmost importance for counseling parents.

Methods: We retrospectively studied prospectively collected data of preterm infants 
with surgical NEC who had available rintSO2 and rcSO2 values measured via near-infrared 
spectroscopy 0-24 hours preoperatively. We calculated mean rintSO2 and rcSO2 for 60-120 
minutes for each infant. We analyzed whether preoperative rintSO2 and rcSO2 differed 
between survivors and non-survivors, determined cut-off points, and assessed the added 
value to clinical variables.

Results: We included 22 infants, median gestational age 26.9 weeks [IQR: 26.3-28.4], median 
birth weight 1088 g [IQR: 730-1178]. Eleven infants died postoperatively. Preoperative 
rintSO2, but not rcSO2, was higher in survivors than in non-survivors (median: 63% [IQR: 42-68] 
versus 29% [IQR: 21-43], P < 0.01 ), with odds ratio for survival 4.1(95%-CI, 1.2-13.9, P = 0.02) 
per 10% higher rintSO2. All infants with rintSO2 values of >53% survived, whereas all infants 
with rintSO2 < 35% died. Median CRP (138 mg/L [IQR: 83-179] versus 73 mg/L [IQR: 12-98], 
P < 0.01), lactate (1.1 mmol/L [IQR: 1.0-1.6] versus 4.6 mmol/L [IQR: 2.8-8.0], P < 0.01), 
and FiO2 (25% [IQR: 21-31] versus 42% [IQR: 30-80], P < 0.01) differed between survivors and 
non-survivors. Only rintSO2 remained significant in the multiple regression model.

Conclusions: Measuring rintSO2, but not rcSO2, seems of added value to clinical variables 
in estimating survival of preterm infants after surgery for NEC. This may help clinicians 
in deciding whether surgery is feasible and to better counsel parents about their infants’ 
chances of survival.



542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik
Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020 PDF page: 61PDF page: 61PDF page: 61PDF page: 61

61

Intestinal Oxygenation and Survival after Surgery for Necrotizing Enterocolitis

3

INTRODUCTION 

Necrotizing enterocolitis (NEC) is a severe intestinal inflammatory disease that particularly 
affects preterm infants.1-5 Surgical intervention to resect ischemic and/or perforated bowel 
is necessary in approximately 40% of the cases.1,6 Nevertheless, approximately 50% of the 
infants who require surgical intervention succumb.5,7-9 To date, clinical assessments of the 
severity of illness and additional comorbidities are used to estimate whether affected infants 
have a chance to survive surgical intervention.8,10,11 Conventionally, the severity of illness is 
based on several clinical and biochemical variables representing the infant’s intestinal and 
systemic condition, whereby the patient characteristics and the comorbidities of interest 
include postmenstrual age (PMA), weight, presence of severe cerebral hemorrhage, and 
additional respiratory and circulatory diseases caused by prematurity.10,11 At this moment, 
there is no measurement available that can aid in the prediction of survival when surgical 
intervention has become necessary in preterm infants with NEC (i.e. deterioration despite 
maximal medical treatment or perforation). Such a measurement could also be of help 
when counseling parents.4,8 

A non-invasive tool used to identify preterm infants at risk of developing NEC or 
progression to complicated NEC is near-infrared spectroscopy (NIRS).6,9,12-14 This technique 
measures regional tissue oxygen saturation (rSO2) in order to assess end-organ perfusion.15-17 
As fulminant NEC is frequently accompanied by intestinal ischemia and necrosis, intestinal 
rSO2 measurements (rintSO2) might be indicative of the local severity of illness. In addition, 
fulminant NEC might be accompanied by systemic inflammatory response syndrome, 
resulting in compromised organ perfusion or multi-organ failure.3,6,14,17-21 As a consequence, 
cerebral rSO2 (rcSO2) measurements might contribute towards assessing the presence of 
a compromised systemic circulation as indicator for the overall severity of the disease. 
Hence, preoperative rintSO2 and rcSO2 measurements might contribute towards estimating 
more accurately the outcomes of infants with severe NEC who require surgical intervention. 
We aimed therefore to determine whether preoperative rintSO2 and rcSO2 measurements are 
of added value to conventional clinical assessment in identifying which preterm infants 
with NEC will survive after surgery. 

PATIENTS AND METHODS

Study design
We performed an observational cohort pilot study consisting of a retrospective analysis of 
prospectively collected data. All preterm infants (GA < 37 weeks) admitted to our tertiary 
NEC referral neonatal intensive care unit (NICU) with proven NEC (Bell’s classification Stage 
≥ 2) and who required laparotomy were eligible for inclusion between January 2015 and 
January 2019.22 We excluded infants with no NIRS values, congenital heart disease (as these 
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infants may have a different pathophysiology regarding the development of NEC)23 - with the 
exception of a patent ductus arteriosus (PDA) - large chromosomal and syndromal defects, 
and congenital abdominal malformations, such as omphalocele, gastroschisis, and intestinal 
atresia. We excluded rcSO2 data from infants diagnosed with a major cerebral hemorrhage 
(≥ Grade 3) before NEC onset, as this affects rcSO2 values.24,25 Indications to perform a 
laparotomy were signs of intestinal perforation or a deteriorating clinical condition despite 
maximal conservative treatment, potentially in combination with a fixed bowel loop 
suggesting ongoing peritonitis. The final decision to operate was made by a multidisciplinary 
team including neonatologists, pediatric surgeons, pediatric anesthetists, and the infant’s 
parents. This study was approved by the local ethical review board. Approximately one half 
of the included infants participated in one of our prospective online registered NEC studies 
(NaNEC-Trial, Dutch Trial Registry NTR4816).

Near-infrared spectroscopy
For the purpose of routine clinical monitoring of the infants at our NICU we used an INVOS 
5100C near-infrared spectrometer in combination with neonatal SomaSensors (Medtronic, 
Dublin, Ireland). The INVOS measures regional tissue oxygen saturation every 5 seconds 
(0.2 Hz.). The intestinal sensor was placed infraumbilically on the central abdomen and the 
cerebral sensor on the left or right frontoparietal side. Mepitel ® film (Mölnlycke, Sweden) 
was used below each sensor for skin protection.17 Routinely, NIRS monitoring was performed 
in infants at risk of cerebral hypoperfusion and/or at risk of intestinal hypoperfusion, 
according to the local hospital protocol.9,26 Sensor placement was checked and documented 
several times a day by the NIRS research team and a nurse. We used routinely measured 
rintSO2 and rcSO2 values that had been obtained within 24 hours before surgery. These data 
were stored in an off-line database. Next, we calculated mean values of 60-120 minutes 
of continuously measured rintSO2 and rcSO2 values closest to the time of surgery, with at 
least 75% of data showing no visual artifacts. Artifacts were defined as documented sensor 
displacements and/or sudden non-physiological changes of the rSO2 values within seconds, 
which suggest incorrect measurements. 

Clinical, biochemical, and demographical variables
We retrospectively collected data on clinical and biochemical variables, and comorbidities 
from the infant’s medical files. Clinical and biochemical variables included transcutaneous 
arterial oxygen saturation (SpO2) (Nellcor, Medtronic) and blood pressure, both measured 
simultaneously with the NIRS measurements, urine output (mL/kg/hour) during the last 24 
hours before surgery, need for inotropes, and maximum fraction of inspired oxygen (FiO2) 
during the 24 hours before surgery. The FiO2 was manually controlled to keep SpO2 within the 
target range of 90-92%, according to our local hospital protocol. Furthermore, we collected 
laboratory findings from the last blood test before surgery within 24 hours prior to surgery. 
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Data on comorbidities included the presence of a hemodynamically significant PDA (needed 
treatment according to the attending neonatologist and pediatric cardiologist on clinical 
and echocardiographic grounds), respiratory support before NEC onset, blood culture 
proven sepsis during NEC. Furthermore, we collected data on postnatal characteristics and 
data regarding the development of NEC.22,27

Statistical analysis
We used SPSS 23.0 (IBM Corp., Armonk, NY, USA) for statistical analysis. Patient characteristics 
and clinical and biochemical variables were described as median [IQR], and preoperative 
rintSO2 and rcSO2 values as median [IQR] of the calculated means. Differences in preoperative 
rintSO2 and rcSO2 values, clinical and biochemical variables, presence of comorbidities, and 
other patient characteristics between survivors and infants who died were determined by 
the Mann Whitney test. To determine whether NIRS measurements were of added value 
to conventional assessments, we first determined whether rintSO2 and rcSO2 values could 
estimate survival and mortality after surgery, using univariate logistic regression analysis. 
Mortality after surgery was defined as death because of NEC within 14 days after surgery. 
When the rintSO2 and/or rcSO2 values turned out to be significant, we determined cut-off 
points by generating ROC curves for survival with a 100% specificity and for mortality with 
a 100% sensitivity. Next, we performed a Kaplan Meier survival analysis based on the cut-off 
points for survival.

The added value of rintSO2 and rcSO2 values to current clinical and biochemical variables 
and the presence of comorbidities was determined with multiple regression models, using LR 
forward logistic regression analysis. Variables that significantly differed between survivors 
and non-survivors were included in the multiple model. Each multiple model consisted of one 
rSO2 variable with one of the clinical/biochemical variables or comorbidities, thus avoiding 
multicollinearity between clinical/biochemical variables. Because of the explorative nature 
of our study we chose not to correct for multiple testing, confidence intervals will be 
displayed for certainty assessment. A P value < 0.05 was considered statistically significant. 

RESULTS

Patient characteristics
We identified 43 preterm infants who required surgical treatment for NEC (Figure 1). 
We excluded 21 infants, eight of whom (19%) were offered comfort care because of an 
inoperable general clinical condition with eminent demise (n = 5) or surgery was not 
performed given the expected poor neurological outcome of these extremely preterm born 
infants (n = 3). We offered comfort care in consultation with the parents. Our final study 
population consisted of 22 preterm infants with a median GA of 26.9 weeks [IQR: 26.3-28.4] 
and BW of 1088 g [IQR: 730-1178]. Median postnatal age at time of NEC onset was 9 days 
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[IQR: 6-12], with a median time between NEC onset and surgery of 27 hours [IQR: 16-61]. 
Median time between the NIRS measurements and surgery was 3.2 hours [IQR: 1.2-6.9]. 
In the case of two infants we only used the rintSO2 values, because they were diagnosed 
with a major cerebral hemorrhage (≥ Grade 3) before NEC onset. Patient characteristics 
are depicted in Table 1. Patient characteristics of the eleven infants who were excluded 
because of lacking rSO2 values did not differ significantly from the characteristics of the 
included infants regarding GA, BW, and the percentage of survival after surgery. Infants who 
were excluded because surgery was not performed had a significant lower GA and tended to 
have a lower BW compared to infants who had undergone surgery. 

Figure 1. Flow diagram of the study population
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Table 1. Patient characteristics

N = 22 Survived  n = 11 Deceased n = 11

Baseline characteristics
Gestational age (weeks)
Birth weight (g)
Small for gestational age (1)

Male 
Apgar score 

- 1 minute
- 5 minutes

Administration of antenatal steroids
Administration of antenatal antibiotics
Antibiotics administration < 48 hours after birth
HsPDA before NEC onset

26.9 [26.3-29.3]
900 [750-1250]
2 (18%)
6 (55%)
 
5 [2-7] 
7 [6-8]
10 (91%)
4 (36%)
7 (64%)
5 (46%)

27.0 [26.1-28.3]
1105 [670-1170]
2 (18%)
6 (55%)
 
5 [3-8] 
7 [5-9]
10 (91%)
4 (36%)
7 (64%)
6 (55%)

Characteristics regarding the development of NEC
Postmenstrual age at NEC onset (weeks)
Weight at NEC onset (g)
Time between NEC onset and surgery (hours)
Time between NEC onset and death (hours)
Time between surgery and death (hours)
Time of death (postnatal day)
Laparotomy procedure

- End-to-end anastomosis
- Stoma
- Primary anastomosis with protective stoma
- Relaparotomy
- Open/close procedure (2) 

NEC Bell’s Stage 3B
Development of complications

- Recurrent NEC
- Post-NEC stenosis
- Short Bowel (3)

28.57 [28.3-30.4]
1000 [800-1300]
47.1 [27.1-125.2]*

-
-
-
 
5 (46%)* 
4 (36%) 
2 (18) 
2 (18%) 
-
6 (55%)
 
2 (18%) 
1 (9%) 
2 (18%)

28.1 [27.3-29.6]
1075 [1000-1200]
17.5 [10.6-27.3]*

48.5 [27.0-71.8]*

10.1 [4.9-48.0]*

12 [8-18]*

 
- 
4 (36%) 
1 (9%) 
3 (27%) 
6 (55%)*

8 (73%)
 
- 
- 
-

Data are expressed as numbers (percentages) or median [interquartile range] unless otherwise specified. 
Abbreviations: HsPDA, hemodynamically significant patent ductus; NEC, necrotizing enterocolitis. 
* P < 0.05. (1) Based on Kloosterman curves with a birth weight cut-off at p10.27 
(2) Open/close procedure was performed in case of massive intestinal necrosis (NEC totalis), with
< 20 cm of vital bowel length left, according to the local hospital protocol.  
(3) Short bowel is defined as resection of ≥ 70% of the total intestine or < 50 cm intestinal length 
remaining when measured from the ligament of Treitz, according to the local hospital protocol.36  
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Mortality and cause of death
Out of the 22 included infants, eleven infants (50%) died shortly after surgery with a median 
time between surgery and demise of 10.1 hours [IQR: 4.9-48.0]. The cause of death consisted 
of the sequelae of massive intestinal necrosis including fulminant sepsis and multi-organ 
failure, which was observed during primary surgery (n = 8) or relaparotomy (n = 3) leading 
to an open/close procedure in six out of the eleven infants. Of the surviving infants two 
infants died 54 and 72 days, respectively, after NEC onset, on account of recurrent NEC and 
sepsis.

Intestinal oxygenation and postoperative outcome
Preoperative rintSO2 values were higher in infants who survived surgery compared to infants 
who died after surgery (median [IQR]: 63% [42-68] versus 29% [21-43], P = < 0.01, n = 9 
versus 9) (Figure 2). For every 10% higher preoperative rintSO2 value, the infants were four 
times more likely to survive after surgery (OR 4.1, CI, 1.2-13.9, R2 = 0.64, P = 0.02). The 
ROC curve for the rintSO2 values showed an area under the curve of 0.92 (95% CI, 0.80-1.00, 
P < 0.01). First, we found that all infants who had a preoperative mean rintSO2 value of 53% 
or higher survived after surgery. Six (67%) out of the nine infants who survived actually had 
a rintSO2 value above this threshold (specificity 100%, sensitivity 67%, PPV 100%, NPV 86%) 
(Figure 3). Second, we found that all infants with a preoperative mean rintSO2 value of < 35% 
died despite surgery. Six (67%) out of the nine infants who died had a rintSO2 value below 
this threshold (specificity 77%, sensitivity 100%, PPV 72%, NPV 100%). Out of the six infants 
with a rintSO2 value between the 35% and 53%, three infants survived. Infants who were 
inoperable and were offered comfort care had a median rintSO2 value of 20% [IQR: 18-34] 
(n = 5). 

Cerebral oxygenation and postoperative outcome
Preoperatively, the rcSO2 value tended to be higher in infants who survived after surgery 
compared to infants who died despite surgery (median [IQR]: 70% [54-73] versus 55% [46-
66], P = 0.08, n = 10 versus 10) (Figure 2), but the odds ratio was not significant (OR 1.6, 
95% CI, 0.8-3.3, P = 0.21). Infants who were inoperable and were offered comfort care had 
a median rcSO2 value of 51% [IQR: 46-71] (n = 5).
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Figure 2. Preoperative rintSO2 and rcSO2 measurements and surgical outcome
The boxes represent individual rintSO2 (2A) and rcSO2 (2B) values between the 25th and 75th centiles 
(interquartile range); the whiskers represent the range with exception of outliers between 1.5 and 3 
interquartile ranges from the end of a box. *P < 0.05.

Figure 3. Kaplan-Meier plot illustrating the survival of preterm infants with NEC during the first 50 
days after surgical intervention with rintSO2 values above (- - -) and below ( ) the cut-off value 
of 53%
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The added value of intestinal oxygenation values to clinical and biochemical assessments 
A complete overview of all the clinical and biochemical variables we assessed, and the 
comorbidities, is presented in Table 2. Only the biochemical variables C-reactive protein 
(CRP), lactate, and the clinical variable fraction of inspired oxygen (FiO2) turned out to 
be significantly different between infants who survived and infants who died after surgery 
(Table 2). None of the comorbidities were different between survivors and non-survivors 
(Table 2). 

Table 2. Clinical and biochemical variables and comorbidities

N = 22 Survived   n = 11 Deceased  n = 11

Clinical variables (0-24 hours before surgery)
Endotracheal intubation after NEC onset
Maximum FiO2 (%)
Mean arterial blood pressure (mm Hg)
Diuresis (mL/kg/hour)
Circulatory failure preoperative

- Fluid resuscitation
- Inotrope administration

10 (91%)
25 [21-31]*

39 [34-42]
4.0 [3.6-4.6]
 
6 (55%) 
5 (46%)

11 (100%)
42 [30-80]*

34 [25-39]
2.8 [2.1-7.3]
 
9 (82%) 
8 (73%)

Biochemical variables (last blood test before surgery)
Hemoglobin (mmol/L)
Thrombocytes (*10^9/L)
Leucocytes (*10^9/L)
C-reactive protein (mg/L)
Lactate (mmol/L)
Glucose (mmol/L)
pH
pCO2 (kPa)

7.8 [6.7-8.6]
87 [62-233]
10.5 [6.1-19.4]
138 [83-179]*

1.1 [1.0-1.6]*

5.8 [4.1-9.7]
7.24 [7.18-7.30]
6.4 [5.2-8.0]

7.6 [7.2-8.8]
116 [73-165]
8.6 [4.8-12.6]
73 [12-98]*

4.6 [2.8-8.0]*

6.3 [4.9-7.4]
7.26 [7.19-7.30]
6.2 [4.6-6.5]

Comorbidities
Endotracheal intubation before NEC onset
Sepsis during NEC (blood culture proven)
HS PDA during NEC

3 (27%)
5(46%)
3 (27%)

3 (27%)
3 (37%)
3 (27%)

Data are expressed as numbers (percentages) or median [interquartile range] unless otherwise 
specified. Abbreviations: FiO2, fraction of inspired oxygen; HS PDA – hemodynamically significant patent 
ductus arteriosus; NEC, necrotizing enterocolitis; pCO2, partial pressure of carbon dioxide.  * P < 0.05

We found that in all three multiple regression models only the preoperative rintSO2 value 

remained a significant estimator of surgical outcome, in contrast to CRP, lactate, and FiO2. 
Table 3 provides a complete overview of the results of these three regression models with 
the corresponding odds ratios and 95% confidence intervals. 
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Table 3. Preoperative rintSO2 and clinical variables to estimate survival after surgery, using multiple 
regression analyses in three separate models (Method FORWARD)

Outcome 
Survival

Univariate regression models Multiple regression models

OR (95% CI) R2 P value OR (95% CI) R2 P value

Model 1 
rintSO2 (per 10%) 
C-reactive protein 
(per 10 mg/L)

4.09 (1.21-13.85) 0.64 0.02 6.70 (1.02-44.2) 0.74 0.048

1.32 (1.02-1.71) 0.45 0.03

Model 2
rintSO2 (per 10%)
Lactate (per mmol/L)

4.09 (1.21-13.85) 0.64 0.02 3.61 (1.08-12.09) 0.58 0.04

0.55 (0.32-0.97) 0.48 0.04

Model 3 
rintSO2 (per 10%)
Inspired FiO2 (per 5%)

4.09 (1.21-13.85) 0.64 0.02 3.76 (1.15-12.23) 0.63 0.03

0.27 (0.07-1.03) 0.65 0.05

Abbreviations: FiO2, fraction of inspired oxygen; rcSO2, regional cerebral oxygen saturation; rintSO2, 
regional intestinal oxygen saturation.

  
DISCUSSION

This study indicated that preoperative rintSO2 measurements contribute towards achieving 
an accurate estimate of the chances of survival of preterm infants with severe NEC after 
surgical intervention. We showed that preoperative intestinal oxygen saturation values are 
significantly higher in infants who survived and lower in infants who died despite surgical 
intervention. The rintSO2 cut-off value for survival was > 53% and for mortality the rintSO2 cut-
off value was < 35%. Furthermore, we demonstrated that cerebral oxygen saturation did not 
contribute toward accurately estimating survival after surgery for severe NEC. 

 We aimed to determine whether preoperative rintSO2 and rcSO2 measurements are of 
added value to conventional clinical assessment in identifying which preterm infants with 
NEC will survive  surgery. After validation in a larger cohort, this will help clinicians in the 
shared decision making process by identifying preterm infants with severe NEC who are 
likely to survive surgery, to be better able to estimate whether surgical intervention is in 
the infant’s best interest, and to better counsel the parents about their infant’s chance of 
survival. 

Remarkably, the median rintSO2 values of the infants who survived surgery were relatively 
high (63%).16 As the gestational age and postmenstrual age did not differ between infants 
who survived and infants who did not, we cannot clearly attribute the higher rintSO2 values 
to an age-dependent effect. We hypothesize that the infants who survived might have 
had intestinal hyperemia as a result of intense intestinal inflammation with concomitant 
higher CRP values (as opposed to the flow that is present when necrosis has developed).6 
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In line with our findings, several studies found higher intestinal oxygen saturation values 
using NIRS or larger blood flow velocities of the superior mesenteric artery using Dopplers 
in infants with NEC (Bell’s Stage 2) who survived, compared to infants who did not suffer 
from NEC.6,28,29 

A higher intestinal perfusion in survivors may also be the result of a smaller part of the 
intestines being affected.6,14 This is supported by our finding that the infants who survived 
had higher preoperative rintSO2 values and smaller parts of ischemic resected intestine 
compared to infants who died (Table 1). Moreover, nine of the eleven infants who did not 
survive died because of massive intestinal necrosis, while only two infants died as a result 
of circulatory failure. 

The rintSO2 was not related to FiO2, indicating that FiO2 represents hypoxemia and illness 
severity, as FiO2 is manually increased when SpO2 drops below 90%. When the FiO2 was high 
in order to keep the infants’ systemic saturation within the target range, the infants who 
did not survive were possibly unable to increase their intestinal saturation, due to massive 
intestinal necrosis.

Although the preoperative rintSO2 was higher in survivors than in non-survivors the rcSO2 
did not differ between NEC survivors and non-survivors after surgical intervention. This 
suggests that the chance of postoperative survival of a preterm infant with severe NEC is 
predominantly determined by how severe the intestines are affected, and less by the overall 
systemic severity of the disease.  As the conventional clinical assessment predominantly 
consists of clinical variables addressing the overall severity of illness, this might explain 
why rintSO2 measurements add important value to the conventional assessment. 

Although the systemic circulation did not seem to differ between infants who survived 
and infants who died, as there was no difference in cerebral oxygen saturation, we did 
show that infants who survived after surgery had a median rcSO2 of > 60%, whereas infants 
who died had a median of < 60%. Recently, our research group reported that infants with 
complicated NEC had median rcSO2 values below 60% between 8-48 hours after NEC onset.6 
These relatively low rcSO2 values in non-survivors may be explained as a result of systemic 
inflammatory response syndrome as a result of progressive NEC 3,6, or that these infants 
are more vulnerable to develop an impaired cerebrovascular autoregulation, which in turn 
results in compromised cerebral perfusion.21,30-32 

All infants included in this study underwent a laparotomy. It would be of interest to 
evaluate whether peritoneal drainage would offer the infants with low preoperative rintSO2 
values a better chance to survive than by performing a laparotomy. As peritoneal drainage 
in our hospital is very uncommon we were unable to address this issue.33  

We excluded preterm infants with NEC who had an indication for surgical intervention 
but who were offered comfort care instead, in line with parental preferences. These infants 
had rintSO2 and rcSO2 values comparable to the included infants who died after surgery. Based 
on our findings, we speculate that the infants in whom comfort care was offered might have 
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had severe intestinal necrosis. 
The strength of this study is that as far as we are aware it is first study to demonstrate 

that intestinal NIRS measurements can be used to estimate survival after surgery in preterm 
infants with severe NEC. Nevertheless, we acknowledge several limitations. First, we 
conducted a retrospective cohort study with a small sample. For this reason we could 
not correct for all potential confounders. As only half of the infants eligible for inclusion 
had preoperative NIRS data and were included, this might also have induced some bias. 
Furthermore, the validity for NIRS in assessing intestinal oxygenation is still under debate, 
and it is unclear exactly which part of the intestine is being measured on account of 
changing gas–fluid surfaces, intraluminal fecal content, and intestinal peristalsis and gut 
movements.6,16,17 Even so, strong correlations between rintSO2 measurements and Doppler 
flow measurements of the mesenteric artery have previously been demonstrated.34,35 
Ultimately, while we firmly believe in the concept of shared decision making regarding 
end-of-life decisions, we realize that decisions about treatments and interventions in 
very sick preterm infants are ethically complex and approaches differ between and even 
within countries. The value of predictive tools like the ones we suggest should therefore be 
interpreted within the clinical and social context of the preterm infant with NEC.  

In conclusion, we demonstrated that intestinal oxygen saturation measured via NIRS 
just prior to surgery adds to the value of current conventional clinical and biochemical 
assessments to help clinicians to accurately estimate which preterm infants with severe 
NEC are likely to survive surgery. This may aid clinicians and parents in the shared decision 
making process to decide whether surgery is in the best interest for the infant. 
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ABSTRACT

Background: Intestinal recovery after NEC is difficult to predict in individuals. We evaluated 
whether several biomarkers predict intestinal recovery after NEC in preterm infants. 

Methods: We measured intestinal tissue oxygen saturation (rintSO2) and collected urinary 
intestinal-fatty acid binding protein (I-FABPu) levels 0-24 hours and 24-48 hours after NEC 
onset, and before and after the first re-feed. We assessed intestinal recovery in two ways: 
time to full enteral feeding (FEFt; below or equal/above group’s median) and development 
of post-NEC complications (recurrent NEC/post-NEC stricture). We determined whether the 
rintSO2, its range, and I-FABPu differed between groups. 

Results: We included 27 preterm infants who survived NEC (Bell’s stage ≥ 2). Median FEFt 
was 14 [IQR: 12-23] days. Biomarkers only predicted intestinal recovery after the first re-
feed. Mean rintSO2 ≥ 53% combined with mean rintSO2range ≥ 50% predicted FEFt < 14 days with 
OR 16.7 (CI: 2.3-122.2). The rintSO2range was smaller (33% vs. 51%, p < 0.01) and I-FABPu was 
higher (92.4 vs. 25.5 ng/mL, p = 0.03) in case of post-NEC stricture, but not different in case 
of recurrent NEC, compared with infants without complications.

Conclusion: The rintSO2, its range, and I-FABPu after the first re-feed after NEC predicted 
intestinal recovery. These biomarkers have potential value in individualizing feeding 
regimens after NEC.
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INTRODUCTION

Preterm infants who develop NEC are managed with a nil p.o. (NPO) regimen and are 
temporarily fed by total parenteral nutrition (TPN).1-3 Currently, the duration of this NPO 
regimen is determined by consensus-based guidelines, mostly dictated by NEC stage.3-6 As 
enteral feeding is essential for gut function and for growth and development of the infant, 
and TPN is associated with complications such as cholestatic liver disease, it is desirable 
to minimize the NPO duration.7-11 Reintroduction of enteral feeding too fast, however, has 
been associated with the development of recurrent NEC.5,12,13 Therefore, the optimal timing 
for reintroduction of enteral feeding may be related to the rapidity of intestinal recovery 
and may be individually determined.

Evidence regarding intestinal recovery after NEC remains limited. The time to full 
enteral feeding or the development of post-NEC complications can be used to indirectly 
assess whether the intestine is recovering. Since NEC is associated with a diminished 
intestinal perfusion affecting gut-integrity, two potential biomarkers for prediction of NEC 
diagnosis are the regional intestinal oxygen saturation (rintSO2) and intestinal-fatty acid 
binding protein (I-FABP).14-23 

The rintSO2 represents the intestinal oxygen saturation and can be measured continuously 
using NIRS, a non-invasive tool used to assess end-organ perfusion.24-26 Lower rintSO2 has 
been reported in preterm infants who subsequently developed NEC,14,16  but also in infants 
with complicated NEC versus uncomplicated NEC.18,19 I-FABP is an urinary biomarker that 
represents gut injury as it is released by intestinal enterocytes into the circulation in case 
of intestinal wall damage.19-23,27 Urinary I-FABP (I-FABPu) levels are higher in NEC infants 
than in healthy infants and also in infants who developed complicated NEC compared with 
infants with uncomplicated NEC.22,27 In addition, higher I-FABPu levels are associated with a 
larger length of subsequent intestinal resection.23

An important first step before individualizing the optimal timing to reintroduce enteral 
feeding is to establish markers that are helpful in predicting intestinal recovery after NEC. 
Therefore, we aimed to evaluate whether previously described biomarkers, rintSO2 and 
I-FABPu, can predict intestinal recovery in preterm infants after NEC. 

METHODS

Study design
We performed a prospective observational cohort study between January 2015 and May 
2017. All preterm infants (GA < 37 weeks) admitted to our tertiary referral NICU with 
confirmed NEC (Bell’s classification Stage ≥ 2),28 were eligible for inclusion. We excluded 
infants with congenital abdominal malformations, large chromosomal defects, congenital 
heart disease with the exception of a PDA, and intraventricular haemorrhage (≥ grade 3). 
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Clinical suspicion of NEC was defined as non-specific signs, such as abdominal distension and/
or bloody stools. Definite diagnosis was based on the presence of pneumatosis intestinalis 
and/or portal venous gas and/or pneumoperitoneum on abdominal radiographs. In infants 
who needed surgical intervention, pathological/surgical findings were used to confirm 
or change the staging of NEC. Definite NEC diagnosis and classification were determined 
by a team of three clinicians (EMWK, JBFH, and AFB), according to the modified Bell’s 
classification criteria, after completion of the study. All were blinded to the results of the 
NIRS and I-FABPu data. Agreement was reached in all cases. We defined NEC onset as the 
time of the first abdominal radiographic examination after clinical suspicion (radiographic 
examinations from referring hospitals included). The study was approved by the local 
ethical review board and was registered online (NaNEC-Trial, Dutch Trial Registry NTR4816). 
We obtained approval for deferred consent, i.e. data collection could start directly after 
supposed NEC onset for every infant that met the inclusion criteria before parental consent 
was obtained. To continue participation, informed parental consent was obtained as soon 
as possible, given the clinical situation.

Data collection
All infants were treated according to the local NEC protocol, consisting of bowel rest 
(NPO approximately 5 days), antibiotics (7-10 days), and respiratory and/or cardiovascular 
support if needed. Laparotomy was performed in case of signs of an intestinal perforation or 
a deteriorating clinical condition despite maximal conservative treatment. Reintroduction 
of enteral feeding after NPO was based on the hospital protocol, starting with 20 ml/kg on 
day 6 after NEC, irrespective of Bell’s stage, but on condition that abdominal distension 
and tenderness had disappeared, bloody stools were absent, and pneumatosis intestinalis 
had disappeared for at least 24 hours on abdominal radiographs.28  Enteral feeding after 
NEC consisted of mother’s own milk. When mother’s milk was unavailable or of insufficient 
quantity, the feeding consisted of preterm formula or a combination of both. When 
reintroduction of feeding was tolerated, feeding volumes were increased daily by 20 mL/
kg/day. All infants received enteral feeding through nasogastric tubes. Infants who weighed 
less than 1250 grams received enteral bolus feeding every two hours and infants who 
weighed more than 1250 grams were fed once every three hours.

We started to collect rintSO2 values and I-FABPu as soon as possible after suspicion of NEC. 
Data collection ended when full enteral feeding (FEF) was reached, defined as tolerating 
enteral feeding of 150 ml/kg/day for at least 24 hours. Data collection was ceased in case 
of earlier discharge from the NICU, when FEF was not reached on day 36 after NEC onset, 
when NEC diagnosis was rejected, or in case the infant did not survive. 
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Near-infrared spectroscopy
We used INVOS 5100C near-infrared spectrometers in combination with neonatal 
SomaSensors (Medtronic, Dublin, Ireland). Underneath each sensor we attached Mepitel® 
(Mölnlycke, Sweden) to protect the vulnerable skin of the preterm infants and to keep 
the sensor in place. Previous research reported no adverse effects of Mepitel® on INVOS 
integrity and validity.26 We placed the sensor infraumbilically on the central abdomen to 
measure the rintSO2 continuously for at least two hours every day during the entire study 
period. rintSO2 values were collected at 0.2 Hz and stored off–line. Other vital parameters 
from the bedside monitor, such as the transcutaneous arterial oxygen saturation (SpO2) 
were simultaneously stored in the same database. Artifacts of the rintSO2, i.e. moments 
recorded as sensor displacement, or a sudden major non-physiological increase/decrease 
of the rintSO2 values suggesting an incorrect measurement, were removed. After removing 
these artifacts rintSO2 data of less than 30 minutes were recorded as missing. Next, we 
calculated mean rintSO2 values. As the development of NEC might be associated with a loss 
of variability of the rintSO2, we additionally determined the range (max-min) for the same 
period, as a measure of rintSO2 variability.29 We chose to determine the range instead of 
other measures for variability,25,26,29 as we sought to assess variability during clinical care. 
The minimum and maximum rintSO2 values are quickly reproducible on the NIRS monitor, and 
do not require complex calculations.

Intestinal fatty acid binding protein
We collected urine once a day during the entire study period in a urine tube of 1.5mL. If 
present for clinical reasons, we collected urine from an indwelling catheter. If not, we 
placed a small cotton wool in the diaper. Once the cotton was saturated, it was squeezed 
into a sterile syringe pressing the urine into the urine tube wearing rubber gloves. Next, the 
urine tubes were frozen at -80°C. Batch analysis was performed by a laboratory technician 
blinded for patient characteristics. To determine the concentrations of I-FABPu we used 
sandwich ELISA, based on capture and biotin-labeled detection antibodies with a Human 
FABP2 kit from R&D systems (Abingdon, UK). To quantify the concentration of I-FABPu we 
used a Streptavidin-HRP and OPD substrate. The standard curve had a highest level of 
2000 pg/mL. Samples were diluted 100 times in 0.1% BSA/PBS Buffer. Since we previously 
reported that I-FABPu results of preterm infants are not influenced by creatinine levels, we 
chose not to correct for creatinine levels.27 

Intestinal recovery 
We used two different outcomes to assess intestinal recovery. First, as tolerating full 
enteral feeding by the intestine after NEC onset is used as indicator of intestinal recovery, 
we used the time to reach FEF as surrogate for intestinal recovery rate. Therefore, we 
divided surviving infants into two groups, based on the total cohort’s median time to reach 
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FEF (FEFt); one with a rapid intestinal recovery rate (FEFt below median), and the other 
with a longer intestinal recovery rate (FEFt equal/above median). FEFt was defined as 
the total amount of days between the first re-feed after NEC onset and FEF. Second, we 
evaluated whether infants developed recurrent NEC or a post-NEC stricture within the first 
six months after NEC onset and compared them with infants without short-term post-NEC 
complications.

Demographic and clinical variables
We recorded patient characteristics from the patients’ medical files, including data on 
prenatal and postnatal characteristics. Furthermore we collected data regarding NEC 
development, including postnatal day and PMA at NEC onset, type of NEC treatment 
(conservative vs. surgical), duration of NPO and the time to the first re-feed, and clinically 
determined laboratory findings within the first 72 hours after NEC onset, short-term 
complications, and mortality. Furthermore, we collected data concerning respiratory- and 
circulatory support and other (co)morbidities. 

Statistical analysis 
We performed the statistical analyses using SPSS 23.0 (IBM Corp., Armonk, NY, USA). To 
check for differences in patient characteristics between groups we used the Mann-Whitney 
U or the chi-square test. 

To predict intestinal recovery rate or the development of short-term post-NEC 
complications, we used the rintSO2, the rintSO2range, and I-FABPu measurements collected 
within the first 24 hours, 24-48 hours after NEC onset, and the last measurement before 
and the first measurement after the first re-feed. First, we determined whether rintSO2, 
rintSO2range, and I-FABPu levels differed between infants with a rapid and a longer intestinal 
recovery rate using Mann-Whitney U tests. We also performed this analysis between infants 
with and without short-term post-NEC complications (for each complication separately). 
We determined ORs using logistic regression analyses to assess the predictive value of the 
biomarkers for intestinal recovery rate. Due to the small sample size of the infants who 
developed short-term post-NEC complications we refrained from determining ORs for this 
outcome. To facilitate interpretation and present assumed clinically relevant differences, 
we arbitrarily determined ORs per 10% difference of the rintSO2 and rintSO2range values and per 
100 ng/mL difference of I-FABPu, as validated data on clinically relevant differences are 
lacking. We determined ORs to predict intestinal recovery rate for the entire group and 
for conservatively treated infants separately, as surgical removal of (ischemic/necrotic) 
bowel tissue will probably affect the recovery process. We checked whether GA, SGA, 
gender, and Bell’s NEC classification (Bell’s stage 3 vs. Bell’s stage 2) were associated with 
intestinal recovery rate. We only checked whether Bell’s NEC classification was associated 
with intestinal recovery rate in the entire group, as in the conservatively treated group only 
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one infant had Bell’s stage 3A.
Next, we built multiple regression models including independent variables related to 

outcome with a p-value < 0.1. Because interrelated parameters cannot be added into one 
model, we first checked for multicollinearity using the Spearman’s Rank-Order Correlation 
test. To determine the added value of combining variables in a multiple model, we 
evaluated the change in % of the explained variance by the univariate and multiple model, 
using Nagelkerke R2. 

Finally, we generated ROC curves and determined cut-off points for every biomarker 
that turned out statistically significant in the univariate logistic regression analysis. Next, 
we performed a multiple regression analysis based on the selected cut-off points. Because 
of the exploratory nature of our study we chose not to correct for multiple testing. A 
p-value < 0.05 was considered statistically significant. 

RESULTS

Patient Characteristics
Sixty-seven preterm infants were eligible for inclusion. We excluded 27 infants due to 
mortality before data could be collected, missing data, lack of consent, or rejection of NEC 
diagnosis. From the remaining 40 infants, thirteen infants (33%) died on median day 2 [IQR: 
1-5] after data collection started. Therefore, our final study cohort consisted of 27 surviving 
infants (Figure 1). These 27 infants had a median GA of 28.1 [IQR: 26.7-30.9] weeks and a 
median BW of 1120 [IQR: 810-1525] grams. The infants developed NEC on median postnatal 
day 10 [IQR: 8-20] (PMA: 30.7 [IQR: 29.0-34.3] weeks). Six infants (22%) needed surgical 
intervention. Three infants (11%) developed recurrent NEC and six infants (22%) developed 
a post-NEC stricture within the first six months after NEC. From the infants who survived 
the study period, two infants died later on: one due to recurrent NEC (postnatal day 43) 
and one due to ongoing severe abdominal problems (postnatal day 115). The patient 
characteristics of the study group are presented in Table 1. The thirteen infants who died 
had a significantly younger median GA of 25.4 [IQR: 24.9-27.6] weeks and a lower median 
BW of 830 [IQR: 665-1035] grams than the survivors. 
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Figure 1. Flow diagram of the study population
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Table 1. Clinical and biochemical characteristics

N = 27 FEFt < 14 days (n = 13) FEFt ≥14 days (n = 14)

Baseline characteristics
Gestational age (wks)
Birth weight (g)
Small for gestational age (1)

Gender (male)
One of a multiple 
Apgar score at 5 minutes
Administration of antenatal steroids
Administration of antenatal antibiotics
Antibiotics administration < 48 hours after birth

29.3 [26.9-32.6]
1250 [1038-1795]
2 (15%)
10 (77%)
3 (23%)
8 [7-9]
10 (77%)
5 (39%)
8 (62%)

27.6 [26.4-29.9]
1032 [788-1476]
3 (21%)
9 (64%)
4 (28%)
8 [7-9]
10 (71%)
2 (14%)
8 (57%)

Characteristics regarding necrotizing enterocolitis
NEC onset (postnatal day)
Bell’s classification

- Stage 2A/2B
- Stage 3A/3B

Surgical intervention
Time of first re-feed (days after NEC onset)
Volume of the first re-feed (ml/kg/day)
Type of first re-feed

- Mother’s milk
- Preterm formula     
- Combination 

Time to reach full enteral feeding (days)
- From NEC onset 

- From first enteral re-feeding
Complications

- Post-NEC stenosis
- Recurrent NEC

Deceased 
- Postnatal day
- Days between NEC onset and death

10 [7-25]
 
7/2 (54%/15%) 
1/3 (8%/23%)
4 (31%)
5 [4-6]
4 [3-9]

4 (31%)
4 (31)
5 (39%)

15 [12-18]* 
12 [10-13]*

 
2 (15%) 
1 (8%)
 
- 
-

15 [9-22]
 
6/5 (43%/36%) 
1/2 (7%/14%)
2 (14%)
5 [3-7]
3 [2-5]
 
8 (57%)
5 (36%)
1 (7%)

22 [20-51]* 
20 [16-46]*

 
5 (36%) 
1 (7%)
 
- 
-

Laboratory findings within the first 72 hours after NEC onset 
(in case of surgical intervention: preoperative laboratory findings)
Hb (mmol/L)
Thrombocytes (10^9/L)
C-reactive protein (mg/L)
Lactate (mmol/L)
Metabolic acidosis (2) 

7.3 [6.5-7.8]
235 [92-326]
74 [25-112]
1.6 [1.1-3.1]
4 (31%)

7.1 [6.7-8.2]
126 [80-291]
132 [60-222]
2.6 [1.4-4.2]
5 (36%)
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Table 1. Continued

N = 27 FEFt < 14 days 
(n = 13)

FEFt ≥14 days 
(n = 14)

Other clinical characteristics
Endotracheal intubation
Duration endotracheal intubation (days)

- Red blood cell transfusion
- During study period

Circulatory failure
- Fluid resuscitation
- Inotropes

Morphine administration
Treated PDA before NEC onset

- NSAID
- Surgical ligation

Late onset sepsis (blood culture proven)

9 (69%)
4 [0-7]
6 (46%) 
8 (62%)
 
9 (69%) 
3 (23%)
8 (62%)
 
5 (39%) 
-
3 (23%)

8 (57%)
9 [0-20]
6 (43%) 
11 (79%)
 
13 (93%) 
6 (43%)
10 (71%)
 
2 (14%) 
1 (7%)
8 (57%)

Data are expressed as numbers (percentages) or median [IQR]. *p < 0.05. Abbreviations: FEFt – Time 
to full enteral feeding; NSAID – Non-steroidal anti-inflammatory drugs; (1) Based on Kloosterman curves 
with a cut-off at p10. (2) Based on the local hospital protocol ‘neonatal metabolic acidosis’ defined as 
pH < 7.30, and HCO3- < 22 mmol/L, and base excess < -5.

Prediction of intestinal recovery rate
We present the mean rintSO2 values, rintSO2range, and I-FABPu in Figure 2. Median FEFt was 
14 [IQR12-23] days. We found that the rintSO2 and the rintSO2range after the first re-feeding 
predicted a rapid intestinal recovery rate, both in the entire group and in the subgroup of 
conservatively treated infants. For every 10% increase in rintSO2 and in rintSO2range, the OR to 
reach FEF within 14 days was 1.8 (CI 1.1-3.0) and 3.0 (CI 1.1-8.1) in all infants and 2.7 (95%CI 
1.1-6.6) and 13.5 (CI 1.2-157.8) in conservatively treated infants, respectively. Levels of 
I-FABPu did not significantly predict intestinal recovery rate (Table 2). Intestinal recovery 
rate was not associated with GA, SGA, gender, or Bell’s classification (Table 2). We did not 
find a significant multicollinearity between rintSO2 and rintSO2range after the first feeding in 
the entire group (Spearman’s rho 0.34, p = 0.09), thus we continued with multiple logistic 
regression analyses. Both variables tended to independently predict a rapid intestinal 
recovery rate. For every 10% increase in rintSO2 and in rintSO2range the OR to reach FEF within 
14 days was 1.7 (CI 1.0-3.1, p = 0.07) and 2.8 (CI 1.0-8.1, p = 0.06), respectively. Combining 
the rintSO2 and rintSO2range in a multiple model increased the explained variance of FEFt within 
14 days compared with the univariate models. The percentage of the explained variance 
increased by 19% for rintSO2 and by 15% for rintSO2range (Nagelkerke R2 increased from 28 to 47% 
and from 32 to 47% respectively) compared with the univariate models.
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Figure 2. Biomarkers distinguishing between rapid and long intestinal recovery in surviving infants
The boxes represent the individual rintSO2, rintSO2range, and I-FABPu values between the 25th and 75th 
centiles (interquartile range) between infants with a rapid (< median FEFt of 14 days) and infants 
with a long intestinal recovery (≥ median FEFt of 14 days) presented at four moments; 24 hours after 
NEC (2A), 48 hours after NEC (2B), before the first feeding (2C), and after the first feeding (2D); the 
whiskers represent the range of the values with the exception of outliers. Outliers are represented by 
the circles and diamonds, defined as values between 1.5 interquartile range and 3 interquartile ranges 
from the end of a box. Significant differences are marked with asterisks: * p < 0.05.
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Table 2. Univariate logistic regression analysis of biomarkers to predict FEFt

Variable FEFt < 14 days in all 
surviving infants 
(n = 13/27)

FEFt < 14 days in conservatively 
treated infants 
(n = 9/21)

OR 95% CI p-value OR 95% CI p-value

Measurements within 24 hours after NEC onset
rintSO2       (10%) 
rintSO2range (10%)
I-FABPu  (100 ng/mL) 

1.11
1.11
1.00

0.61-2.03
0.61-2.02
0.97-1.02

0.73
0.73
0.84

1.16
1.06
0.99

0.58-2.34
0.51-2.21
0.96-1.02

0.67
0.87
0.55

Measurements 24-48 hours after NEC onset
rintSO2          (10%) 
rintSO2range (10%) 
I-FABPu  (100 ng/mL) 

1.05
0.88
0.98

0.61-1.81
0.53-1.46
0.83-1.15

0.85
0.62
0.78

0.91
1.03
0.76

0.50-1.68
0.55-1.92
0.50-1.27

0.77
0.94
0.34

Last measurements before first feed
rintSO2      (10%) 
rintSO2range (10%) 
I-FABPu  (100 ng/mL) 

1.00
0.88
0.25

0.63-1.57
0.54-1.43
0.04-1.62

0.98
0.61
0.15

1.13
0.98
0.28

0.62-2.04
0.58-1.66
0.03-2.75

0.69
0.95
0.27

First measurements after first re-feed

rintSO2           (10%)
rintSO2range (10%) 
I-FABPu  (100 ng/mL) 

1.80
2.99
0.44

1.06-3.04
1.11-8.05
0.09-2.08

0.03*

0.03*

0.30

2.74
13.46
0.36

1.14-6.55
1.15-157.81
0.04-2.93

0.03*

0.04*

0.34

Possible confounders
GA (weeks) 
Small for gestational age (1)

Female gender 
Bell’s stage III

1.13
0.67
0.54
1.63

0.89-1.43
0.09-4.80
0.10-2.93
0.29-9.26

0.32
0.69
0.48
0.58

1.10
0.38
0.57
-

0.86-1.42
0.03-4.37
0.08-4.13
-

0.45
0.43
0.58
-

Abbreviations: rintSO2 – regional abdominal oxygen saturation; I-FABPu – urinary intestinal-fatty acid 
binding protein concentration. (1) Based on Kloosterman curves with a cut-off at p10. 

Prediction of short-term post-NEC complications
The three infants who developed recurrent NEC did not have a different rintSO2, rintSO2range, and 
I-FABPu compared with infants who did not develop any short-term post-NEC complication 
(Figure 3). The six infants who developed a post-NEC stricture had a smaller rintSO2range (33% 
[IQR: 32-41] vs. 51% [IQR: 45-57], p <0.01) and a higher I-FABPu (92.4 ng/mL [IQR: 59.3-398.4] 
vs. 25.5 ng/mL [IQR: 0.68-42.04], p = 0.03) measured after the first re-feed compared with 
infants without short-term post-NEC complications (Figure 3). The rintSO2 after the first re-
feed did not differ between infants with and without short-term complications. The rintSO2, 
rintSO2range, and I-FABPu measured within the first 24 hours after NEC onset, 24-48 hours 
after NEC onset and before the first re-feed did not differ between infants with a post-NEC 
stricture and infants without short-term post-NEC complications.
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Figure 3. Biomarkers distinguishing between infants with and without short-term post-NEC 
complications
The boxes represent the individual rintSO2, rintSO2range, and I-FABPu values between the 25th and 75th 
centiles (interquartile range) between infants who did and did not develop short-term post-NEC 
complications presented at four moments; 24 hours after NEC (3A), 48 hours after NEC (3B), before 
the first feeding (3C), and after the first feeding (3D); the whiskers represent the range of the values 
with the exception of outliers. Outliers are represented by the circles and diamonds, defined as 
values between 1.5 interquartile range and 3 interquartile ranges from the end of a box. Significant 
differences are marked with asterisks: * p < 0.05.

ROC curves and cut-off points of rintSO2 values to predict intestinal recovery rate
To establish cut-off points for the assessed biomarkers that predict a rapid intestinal 
recovery, we generated ROC curves for the rintSO2 and rintSO2range values after the first enteral 
re-feeding. The area under the rintSO2 curve was 0.77 (CI 0.58-0.96, p = 0.02) and the area 
under the rintSO2range curve was 0.79 (CI 0.59-0.98, p = 0.02). Selecting the optimal cut-off 
rintSO2 value, we found that rintSO2 after the first re-feed of 53% or higher predicted a rapid 
intestinal recovery with an OR of 12.0 (CI 1.2-123.7), with a specificity of 92%, a sensitivity 
50%, and a positive predictive value of 86%. Selecting the optimal cut-off rintSO2range value, 
we found that rintSO2range after the first re-feed of 50% predicted a rapid intestinal recovery 
with an OR of 11.0 (CI1.6-75.5), with a specificity of 85%, a sensitivity of 67%, and a positive 
predictive value of 80%. The OR for FEFt <14 days if both the rintSO2 is > 53% and the 
rintSO2range was > 50%, was 16.7 (CI 2.3-122.2).  
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Adverse events
We observed skin-related effects of the sensor in one of the included infants. This 
infant showed little skin irritation, which fully resolved one day after the sensor was 
removed. Measurements could be continued without redevelopment of this skin irritation. 
Furthermore, in two infants, the rintSO2 measurements were interrupted for one day after 
surgery because of severe abdominal tenderness.  

DISCUSSION

Our study demonstrates that the intestinal tissue oxygen saturation and its range, but not 
I-FABPu, measured after the first enteral re-feed after NEC strongly predicts the possibility 
to reach full enteral feeding within two weeks after the first re-feed after NEC onset. In 
addition, the rintSO2range after the first re-feed was smaller and I-FABPu levels after the first 
re-feed were higher in infants who developed a post-NEC stricture compared with infants 
who did not develop a short-term post-NEC complication. These biomarkers were, however, 
not associated with the development of recurrent NEC. During the first 48 hours after 
NEC onset,  the rintSO2 and its range, and I-FABPu did not predict intestinal recovery rate 
nor the development of short-term post-NEC complications. Our results suggest that these 
biomarkers have potential value in individualizing feeding regimens after NEC onset.

To distinguish preterm infants with NEC followed by a rapid intestinal recovery from 
those with longer intestinal recovery, we determined cut-off points for the rintSO2 and 
rintSO2range after the first enteral re-feed. We intended to establish cut-off points with a high 
specificity and positive predictive value as we wanted to identify rapid intestinal recovery 
rather than ruling it out. We found that when the rintSO2 has a value 53% or higher combined 
with a rintSO2range of 50% or larger, the chance to reach FEF within 14 days is more than 16 
times higher. Using these cut-off points may enable physicians to identify infants who may 
need a more careful reintroduction of enteral feeding. 

Possibly, the first enteral feeding after NPO elicits a different physiological intestinal 
response between infants whose intestine did and did not yet fully recover. A lower rintSO2 
after re-feeding suggests that the blood supply to the intestine was still inadequate or the 
metabolic oxygen demand was still high in infants that needed more time for intestinal 
recovery. As previous reports described that an impaired intestinal perfusion has been 
associated with the development of NEC, it is likely that intestinal recovery after NEC is 
associated with an adequate restoration of perfusion enabling the intestine to respond to 
physiological changes again.17-19,30-32 The importance of enabling the intestine to respond to 
physiological changes has been shown by several studies reporting that loss of variability of 
rintSO2 measurements is indicative of intestinal distress and associated with the development 
of NEC.25,29 This suggests that an adequate intestinal perfusion is not only represented by 
the absolute rintSO2 values but also by a certain amount of variability. This is supported by 
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our findings the chance to reach FEF within two weeks increases independently with both a 
higher rintSO2 and a larger rintSO2range, a coarse measure for variability. 

We found similar or even stronger associations after excluding infants who underwent 
surgery, demonstrated by the higher ORs of the rintSO2 values and its range to predict a rapid 
intestinal recovery rate in the group of conservatively treated infants. We hypothesize that 
infants who needed surgical intervention might need more time to tolerate enteral feeding, 
not only due to a diminished intestinal perfusion or intestinal damage, but also due to a 
shorter bowel length, attenuating the predictive value of the biomarkers. 

We showed that I-FABPu levels at any time after NEC onset did not predict intestinal 
recovery rate. Previous studies described that I-FABPu is higher during the first 24 hours in 
NEC infants with an intestinal perforation and in infants who die compared with survivors 
after NEC.19,22 We speculate that even in infants who will recover relatively fast, I-FABPu 
increases after re-feeding to similar values as in infants that will take longer to tolerate 
FEF. This means that I-FABPu levels are not able to discriminate between these two groups. 
It seems that whether the intestine tolerates the reintroduction and increase of feeds 
does not depend on newly epithelial cell damage. This speculation is supported by an 
earlier reported piglet model that demonstrated an increased enterocyte turnover after 
reintroducing enteral feeding.33 Moreover, Reisinger et al. reported that I-FABPu increased 
after reintroduction of enteral feeding compared with I-FABPu just before the re-feed 
in NEC infants with a favorable outcome, and not in NEC infants with a poor outcome.34 
Although I-FABPu did not predict intestinal recovery rate, we did find higher I-FABPu levels 
after the first re-feed in infants who developed a post-NEC stricture compared with those 
who did not. Based on the aforementioned speculation regarding increasing I-FABPu after the 
first re-feed, infants who develop a post-NEC stricture may have an excessive enterocyte 
turnover in reaction to feeds, resulting in an imbalance of epithelial tissue and subsequently 
in the development of a stricture.

Since the first re-feed after NEC and a period of NPO might elicit a physiological 
intestinal response and an increased enterocyte turnover, the timing of the first re-feed 
after NEC might influence our previously reported findings. The timing of the first re-feed 
after NEC onset, however, did not significantly differ between infants with a short time to 
full enteral feeding and infants with a longer time to full enteral feeding. This supports 
that our results can be explained by a difference in physiological intestinal response and 
enterocyte turnover between infants whose intestine did and did not yet fully recover. 
Moreover, we defined FEFt as the time between the first re-feed and FEF instead of the 
time between NPO and FEF, to minimalize an eventual effect of the timing of the first re-
feed. Furthermore, the feeding volumes of the first re-feed and type of feeding of the first 
re-feed did not differ between infants with a short time to full enteral feeding and infants 
with a longer time to full enteral feeding.  
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To the best of our knowledge, we are the first to demonstrate that the intestinal oxygen 
saturation and its range measured over a two-hour period after reintroduction of enteral 
feeding significantly predicted a rapid intestinal recovery rate, represented by the time to 
full enteral feeding within 14 days after the first re-feed after NEC onset. This is a first step 
to establish biomarkers to predict intestinal recovery aimed to optimize and individualize 
NEC treatment in preterm infants. 

The strength of our study is the prospective longitudinal design together with the 
deferred consent to gain more insight in recovery after NEC in preterm infants using NIRS 
and I-FABPu. Whereas Schat et al. and Schurink et al. demonstrated that these markers are 
helpful to differentiate between complicated and uncomplicated NEC, we now add the use 
of these markers to predict intestinal recovery.18,19,22  

We are aware of several limitations of our study. First, this study was performed 
with a small sample size. This may have introduced type-II error, leading to insufficient 
power to detect differences between groups. Second, we used time to FEF as estimate 
surrogate for intestinal recovery in the absence of a more valid value. Third, intestinal 
NIRS measurements might be influenced by stools and air, intestinal peristalsis, and gut 
movements and it is unclear which part of the intestine is exactly measured using NIRS.14-

16,18,24,25 Although this is still a point of debate concerning the use of NIRS, previous studies 
showed strong correlations between rintSO2 measurements and Doppler flow measurements 
of the small mesenteric artery.35,36 Finally, we chose to use the range of the rintSO2 values as 
a measure for variability, which is a coarse but practical way to assess variability. 

In conclusion, the period surrounding the first enteral re-feed may be important to 
determine whether an individual infant will have a subsequent rapid intestinal recovery 
or not. The combined intestinal oxygen saturation and its range, but not I-FABPu, were 
in particular helpful, whereby cut-off values of rintSO2 above 53% and its range above 50% 
increased the chance more than 16-fold of reaching full enteral feeding within 14 days. A 
smaller rintSO2range and higher I-FABPu levels after the first re-feed were associated with the 
development of post-NEC stricture, but not recurrent NEC. In contrast, during the first 48 
hours after NEC onset, the intestinal oxygen saturation, its range, and I-FABPu measured 
did not predict the intestinal recovery rate nor the development of short-term post-NEC 
complications. Our results suggest that it may be possible to partly individualize post NEC 
care as feeding regimens may be adjusted to the individual intestinal recovery rate. These 
are, however, the preliminary results of an exploratory study. Our findings therefore need 
to be confirmed in larger prospective intervention studies. 
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ABSTRACT 

Background: Levels of plasma citrulline (citrullinep), a biomarker for enterocyte function, 
might be useful for the monitoring the course of necrotizing enterocolitis (NEC). Our aim 
was to evaluate whether citrullinep levels during the first 48 hours (h) after NEC onset were 
associated with need for surgery, survival, and intestinal recovery. 

Methods: In preterm infants with NEC (Bell’s stage ≥2) we measured citrullinep levels 
during the first 48h after NEC onset. Categorizing the measurements into 0–8h, 8–16h, 
16–24h, 24–36h, and 36–48h, we determined the course of citrullinep using linear regression 
analyses. Next, we analysed whether citrullinep levels measured at 0-24 hours and 24-48 
hours differed between conservative and surgical treatment, survivors and non-survivors, 
and equal/below and above total group’s median time to full enteral feeding (FEFt).

Results: We included 48 infants, median gestational age 28.3 [IQR: 26.0-31.4] weeks, birth 
weight 1200 [IQR: 905-1524] grams. Citrullinep levels decreased the first 48 hours (B per 
time interval: -1.40 μmol, 95% CI, -2.73 to -0.07, p = 0.04). Citrullinep was not associated 
with treatment, nor with survival. Citrullinep at 0-24h, but not 24-48h, was higher in infants 
with FEFt ≤ 20 days than in infants with FEFt > 20 days (20.7 [IQR: 19.9-25.3] µmol/L (n = 
13) vs. 11.1 [IQR: 8.4-24.0] µmol/L (n = 11), p = 0.049), with a citrullinep cut-off value of 
12.3 μmol/L. 

Conclusion: Citrullinep levels decreased the first 48 hours after NEC onset, suggesting on-
going intestinal injury. In survivors, measuring citrullinep in the first 24 hours after NEC 
onset may provide an indication for intestinal recovery rate.
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INTRODUCTION

One of the cornerstones of the treatment for necrotizing enterocolitis is a nil per mouth 
(NPO) regimen.1,2 However, withdrawing enteral feeding results in villous atrophy and 
thus reduced gut function.3 In addition, prolonged parenterally administered nutrition 
is associated with complications such as sepsis and cholestasis,4,5 and late re-feeding is 
associated with a prolonged hospital stay.6 

Conversely, premature reintroduction of enteral feeding in infants with NEC might 
induce disease progression.4 Establishing a suitable biomarker to indicate which NEC 
infants are ready for the reintroduction of enteral feeding is therefore very relevant. 
One of these potential biomarkers is plasma citrulline (citrullinep), which is a marker for 
enterocyte function.7-13 Citrulline is a non-protein amino acid and a metabolic intermediate 
of the urea cycle. It is synthesized from glutamine and glutamate in both liver and small 
intestine.14,15 As citrulline produced by the liver is catabolized in situ, all citrulline circulating 
in the bloodstream can be considered as exclusively derived from the small intestine. 

Previous studies have reported lower citrullinep levels in preterm infants with NEC than 
in infants without NEC.8,11 Limited data, however, are available on the course of citrulline 
in infants with NEC in the first days after onset of disease.16 Serial measurements could be 
a useful tool to monitor disease progression and intestinal recovery from NEC. Therefore, 
the aim of this study was to evaluate the course of citrullinep during the first 48 hours after 
NEC onset. Furthermore, we determined whether citrullinep levels in preterm infants with 
NEC during the first 48 hours after NEC onset were associated with the type of treatment 
and survival, as indicator for disease progression. We also assessed whether citrullinep 
levels were associated with the time to full enteral feeding (FEFt), as indirect measure for 
intestinal recovery. 

MATERIAL AND METHODS

Study Design
In this explorative observational study we included preterm infants with proven NEC (Bell’s 
stage ≥ 2). Patients were recruited from two prospective clinical observational trials 
previously conducted in our hospital. These studies aimed to predict the onset and course 
of NEC in high risk infants. First, the NoNEC trial (NTR3239) was performed between 2010 
and 2012.17 Second, the NaNEC trial (NTR4816) was performed between 2015 and 2017.18 
In both trials, the onset of NEC was defined as the time of the first abdominal X-ray made 
upon clinical suspicion of NEC including X-rays performed in referring hospitals. Proven 
NEC was defined as NEC Bell’s stage 2 or 3, supported by plain abdominal X-ray showing 
pneumatosis intestinalis and/or portal venous gas or determined during surgery.2 After 
NEC onset, all infants were treated according to the hospital protocol: a NPO regimen, 
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gastric decompression, pain management, respiratory and/or cardiovascular support if 
necessary and broad-spectrum antibiotic therapy. Reintroduction of enteral feeding after 
the NPO regimen was based on the hospital protocol, starting with 20 mL/kg on day 6 
after NEC, on condition that abdominal distension and tenderness had disappeared, bloody 
stools were absent, and pneumatosis intestinalis had disappeared for at least 24 hours on 
abdominal radiographs. Exclusion criteria were large chromosomal abnormalities, major 
intraventricular haemorrhage (≥ grade 3), congenital bowel defects, and congenital heart 
deformities other than patent ductus arteriosus. Written informed consent was obtained 
from all parents. The Medical Ethics Committee of the University Medical Center Groningen 
approved both studies (NTR3239 and NTR4816). 

Blood sampling and citrulline measurement
When we suspected an infant of NEC, collection of blood samples occurred at regular 
intervals according to routine clinical practice. The time of blood collection after NEC onset 
was recorded. During every routine blood analysis an additional 100 microlitres (µl) of blood 
was obtained in an ethylene diamine tetra-acetic acid (EDTA) tube (Greiner bio-one) of 2.5 
mL. The blood samples were centrifuged for 10 minutes at 1200 rpm at room temperature 
and plasma was isolated and frozen at -20 °C until the day of analysis. The measurements 
were performed by a laboratory technician blinded for the patient characteristics. 
Citrullinep levels were analyzed by ultra-high performance liquid chromatography triple 
quadrupole mass spectrometry analysis (UHPLC-MS/MS), according to our local laboratory 
protocol. Sample preparation with AccQ•Tag reagents was conducted according to the 
manufacturer’s protocol (Waters Corporation, Milford, MA, USA). Data were analysed using 
Analyst 1.6.2 (Sciex). 

Patient and NEC-specific characteristics
We collected data on gestational age, birth weight and gender from the infants’ medical 
charts. Furthermore, we identified the postnatal day of NEC onset, Bell’s stage, treatment 
strategy, the occurrence of NEC induced stenosis, recurrence of disease, days between 
NEC onset and surgical treatment, and in case of the infants’ demise, the postnatal age of 
death, and days between NEC onset and death.

Full enteral feeding
Full enteral feeding (FEF) was defined as an intake of 150 mL/kg/day of enteral formula 
or fortified breast milk tolerated for at least 24 hours. Infants were categorized into two 
groups, i.e. one group equal/below and the other above median FEFt of all included infants.



542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik
Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020 PDF page: 99PDF page: 99PDF page: 99PDF page: 99

99

Plasma Citrulline during the First 48 Hours after Necrotizing Enterocolitis

5

Data and statistical analysis
Statistical analysis was performed using the Statistical Package for the Social Sciences (IBM 
SPSS Statistics 23, IBM Corp., Armonk, New York, USA). Patient characteristics and citrullinep 
levels were reported as median [interquartile range (IQR)]. To determine the course of 
citrullinep during the first 48 hours after NEC onset, the citrullinep measurements were 
categorized into five time intervals: 0–8 hours, 8–16 hours, 16–24 hours, 24–36 hours and 
36–48 hours after NEC onset. Next, we used linear regression analyses between citrullinep 

levels and the different time intervals. To determine whether citrullinep levels were 
associated with the type of treatment (i.e. conservative vs. surgical), survival (survivors vs. 
non-survivors), and FEFt (≤ or > than total groups median), we categorized the citrullinep 
measurements into two periods: 0-24 hours and 24-48 hours after NEC onset. Due to the 
relatively small sample size we were unable to perform the analyses for the different 
categories for all five time intervals. In case of multiple samples of individual infants 
available within one of these two periods, we calculated means. Next, we used the Mann 
Whitney U test to determine whether citrullinep levels differed between groups. In case of a 
P-value < 0.1, we determined cut-off points by generating receiver operator characteristics 
(ROC) curves.We chose not to correct for multiple testing because of the explorative nature 
of the study. A P-value <0.05 was considered statistically significant. 

RESULTS

Patients
We identified 120 preterm infants with suspected NEC who were eligible for inclusion, of 
whom 48 infants were diagnosed with proven NEC (Bell’s stage ≥ 2) (Figure 1). Our final 
study population consisted of these 48 preterm infants with gestational age of median 28.3 
[IQR: 26.0-31.4] weeks and birth weight 1200 [IQR: 905-1524] grams. NEC developed at 
median postnatal day 9 [IQR: 8-21]. Infants who survived had a higher gestational age (p < 
0.01) and higher birth weight (p = 0.02) than non-survivors. Fifteen infants (31%) needed 
surgical intervention on median day 2 [IQR 1-5]. Eleven infants (23%) did not survive. In 
seventeen infants we were able to collect more than one blood sample during the first 48 
hours after NEC onset (38%). From the remaining 28 infants (62%) we collected only one 
blood sample in the first 48 hours after NEC onset. We provide a complete overview of the 
patient characteristics in Table 1. 
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Figure 1.  Flow diagram of the study population
Abbreviations: NEC - Necrotizing enterocolitis
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Table 1. Clinical characteristics

Total group
N = 48

Survivors
n = 37

Non-survivors 
n = 11

Baseline characteristics
Gestational age (weeks)
Birth weight (grams)
Male 

28+3 [26.0- 31.4]
1200 [905 - 1524]
36 (75%)

29.0 [27.1 - 32.0] *

1250 [1023 - 1670] *

27(73%)

25.7 [25.3 - 27.0] *

900 [800 - 1000] *

9 (82%)

Characteristics regarding NEC
NEC onset (postnatal day)
Bell’s classification

- Stage 2A / 2B
- Stage 3A / 3B

Surgical intervention
Days between NEC onset and 
surgery
Complications 

- Post-NEC stricture
- Recurrent NEC 

Deceased
Deceased (postnatal day)
Time between NEC onset and 
death (hours)

9 [8 - 21]
 
20/7 (42% / 15%) 
5/16 (10% / 33%)
15 (31%)
2 [1 - 5]

8 (22%)
1 (3%%)
11 (23%)
13 [11 - 22]
68 [33-155]

10 [8 - 25]

20/7 (54% / 19%) 
2/8 (5% / 22%)
9 (24%)#

2 [1 - 8]

8 (22%)
1(3%)
-
-
-

9 [8 - 16]

0/0 (0% / 0%) 
3/8 (27% / 73%)
6 (55%)#

3 [1 - 14]

-
-
11 (100%)
13 [11 - 22]
68 [33-155]

Data are expressed as numbers (percentages) or median [interquartile range] unless otherwise 
specified. Abbreviations: NEC - Necrotizing enterocolitis
Comparisons were made between survivors and non-survivors. * p < 0.05, # p < 0.10

The course of citrullinep during the first 48 hours after NEC onset
The individual citrullinep values measured during the five time intervals the first 48 hours 
after NEC onset are presented in Figure 2. Median citrullinep levels were 24 [IQR: 11.1-28.5] 
μmol/L 0-8 hours (n = 14), 24.0 [IQR: 16.6-27.5] μmol/L 8-16 hours (n = 17), 17.4 [IQR: 11.0-
20.3] μmol/L 16-24 hours (n = 19), 18.0 [IQR: 10.0-24.3] μmol/L hours (n = 14), and 14.0 
[IQR: 12.0-21.5] μmol/L 36-48 hours after NEC onset (n = 18), respectively. Citrullinep levels 
decreased during the first 48 hours after NEC onset (B per time interval: -1.40 μmol, 95% 
CI, -2.73 to -0.07, p = 0.04). 
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Figure 2.  The course of citrullinep during the first 48 hours after NEC onset
Each measured citrullinep level is marked by a dot and the individual trend lines are represented by 
the coloured lines, reflecting the type of treatment and survival. Abbreviations: p - plasma, μmol/L - 
micromoles per litre.

The association between citrullinep and the type of treatment 
We did not find statistically significant differences in median citrullinep levels within the 
first 24 hours between conservatively and surgically treated infants (19.3 [IQR: 10.9-24.5] 
µmol/L (n = 22) vs. 20.5 [IQR: 15.3-23.8] µmol/L (n = 12), p = 0.58), nor within 24-48 hours 
after NEC onset (18.2 [IQR: 12.3-27.0] µmol/L (n = 14) vs 12.4 [IQR: 12.0-17.3] µmol/L (n = 
9), p = 0.16) (Figure 3). 
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Figure 3. Citrullinep 0-48 hours in conservatively and surgically treated infants
The boxes represent the individual citrullinep values of conservatively and surgically treated infants 
between the 25th and 75th percentiles (interquartile range); the whiskers represent the range of the 
values with the exception of outliers. Abbreviations: NEC - Necrotizing enterocolitis,  p - plasma, μmol/L 
- micromoles per litre.

The association between citrullinep and survival 
The median time between NEC onset and death was 68 [IQR: 33-155] hours, whereof one 
infant died within the first 24 hours and three infants between 24-48 hours after NEC.  
Median citrullinep levels did not differ between survivors and non-survivors 0-24 hours after 
NEC onset (19.3 [IQR: 11.2-24.2] µmol/L (n = 24) vs. 20.0 [IQR: 12.1-21.8] µmol/L (n = 10), 
p = 0.82), and also not 24-48 hours after NEC onset (17.5 [IQR: 12.2-23.8] µmol/L (n = 20) 
vs. 12.0 (range: 6.5 – 15.5) µmol/L (n = 3), p = 0.12 ) (Figure 4).
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Figure 4. Citrullinep 0-48 hours in survivors and non-survivors
The boxes represent the individual citrullinep values of survivors and non-survivors between the 25th 
and 75th percentiles (interquartile range); the whiskers represent the range of the values with the 
exception of outliers. Abbreviations: NEC - Necrotizing enterocolitis, p - plasma, μmol/L - micromoles 
per litre.

The association between citrullinep and time to full enteral feeding
In survivors, median FEFt was 20 [IQR: 17-27] days. We found higher median citrullinep levels 
during the first 24 hours after NEC onset in infants with FEFt of 20 days or less than in those 
with FEFt more than 20 days (20.7 [IQR: 17.9-25.3] µmol/L (n = 13) vs. 11.1 [IQR: 8.4-24.0) 
µmol/L (n = 11), p = 0.049). Particularly in the conservatively treated group, citrullinep 

levels during the first 24 hours after NEC onset were higher in infants with FEFt of 20 days 
or less than in those with FEFt of more than 20 days (20.7 [IQR: 17.4-25.6] µmol/L (n = 11) 
vs. 10.8 [IQR: 9.6-14.6] µmol/L (n = 6), p < 0.01) (Figure 5). We did not find an association 
between citrullinep levels and FEFt in the subgroup of surgically treated infants. Median 
citrullinep levels measured between 24-48 hours after NEC onset did not differ between in 
infants with FEFt of 20 days or less than in those with FEFt more than 20 days.
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Figure 5.  Citrullinep 0-48 hours after NEC onset and time to full enteral feeding
The boxes represent the individual citrullinep values of the entire study population (5A), conservatively 
treated infants (5B), and surgically treated infants (5C) between the 25th and 75th percentiles 
(interquartile range) between infants who reached full enteral feeding ≤ 20 days and > 20 days; the 
whiskers represent the range of the values with the exception of outliers. Significant differences are 
marked with an asterisks: * p < 0.05. Abbreviations: p - plasma, μmol/L – micromoles per litre.
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Citrullinep cut-off points for reaching full enteral feeding in 20 days or less
After generating a ROC-curve with the outcome ≤ or > a FEFt of 20 days, we found an 
area under the curve of 0.74 (95% CI 0.51-0.96, p = 0.049) in the entire group of survivors 
(n = 37),  regarding citrullinep levels measured within the first 24 hours after NEC onset. 
In the conservatively treated subgroup we found an area under the curve of 0.89 (95% CI 
0.69-1.00, p < 0.01). Selecting a cut-off value for citrullinep of 12.3 μmol/L, we found a 
specificity of 100%, a sensitivity of 64%, with a positive predictive value of 100% and a 
negative predictive value of 76% to reach FEF ≤ 20 days in the entire group, and a specificity 
of 100%, a sensitivity of 83%, with a positive predictive value of 100%, and a negative 
predictive value of 92% in the conservatively treated group. 

DISCUSSION 

In this study we demonstrated, in preterm infants with NEC, that citrullinep levels decrease 
during the first 48 hours after NEC onset. We also demonstrated that citrullinep levels were 
higher during the first 24 hours, but not 24-48 hours, after NEC onset in infants with a 
faster intestinal recovery than in infants with a longer intestinal recovery time, particularly 
in the subgroup of conservatively treated infants. Selecting a cut-off value for citrullinep 
in this subgroup of 12.3 μmol/L, we found a specificity of 100%, a sensitivity of 83%, a 
positive predictive value of 100%, and a negative predictive value of 92% to reach FEF ≤ 
20 days. Our findings suggests that citrullinep measurements during the first 24 hours after 
NEC onset may provide an indication for intestinal recovery rate. Finally, we found that 
citrullinep levels were not different between conservatively and surgically treated infants, 
nor between survivors and non-survivors. 

 Our first aim was to determine the course of citrullinep levels during the first 48 
hours after NEC onset, measured during multiple time intervals. As citrullinep is a marker 
for functional intestinal enterocyte mass, a decrease of citrullinep levels suggests that the 
functional enterocyte mass further reduces during the first 48 hours after NEC onset and 
that the initiation of intestinal recovery seem to occur after this period. Recently it has 
been reported that citrulline levels were lower in infants who developed NEC than in infants 
without NEC, but that these levels were similar to baseline on days 4 and 7 after NEC onset.8 
Whether the initiation of intestinal recovery occurs between days 2 to 4 after NEC onset, 
however, should be further investigated. 

We also aimed to determine whether citrullinep levels during the first 48 hours after 
NEC onset were different between infants who were treated conservatively and surgically, 
and between survivors and non-survivors. As citrullinep is a marker for functional intestinal 
enterocyte mass, our finding suggests that the degree of enterocyte dysfunction is relatively 
similar in conservatively and surgically treated infants, as well as in survivors and non-
survivors. We do have to point out that we were able to collect blood samples of only 
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three out of the eleven non-surviving infants 24-48 hours after onset of NEC, hampering 
interpretation of our results. 

We observed that 76% of all infants with a citrullinep of 12.3 μmol/L or higher during 
the first 24 hours after NEC onset recovered relatively fast, as they were able to be fully 
enterally fed within 20 days. Additionally, we showed that 92% of the conservatively treated 
infants with a citrullinep of 12.3 μmol/L or higher during the first 24 hours after NEC onset 
recovered relatively fast. This suggests that within the group of surviving infants, a larger 
maintained enterocyte function might result in a shorter FEFt, hence possibly a faster 
intestinal recovery. It might be that infants who recover relatively fast have less intestinal 
inflammation and/or necrosis than infants who need a longer time to recover, resulting 
in a faster recovery of the enterocyte function. Our finding is supported by a recently 
reported association between lower citrulline levels measured at NEC onset and a more 
prolonged course of disease, also requiring parenteral nutrition for a longer period of time.8 
Additionally, it has been reported that citrulline levels can reliably distinguish infants 
with short bowel syndrome who could be successfully weaned off parenteral nutrition,7 
suggesting that it could be used to identify infants with a recovering intestinal function. 
Even though these two studies do not directly mention the association between citrulline 
levels and the intestinal recovery rate in infants with NEC, the rationale behind their 
findings is comparable to our results. In contrast to our findings, a previous study focussing 
on citrulline levels in infants with NEC has reported that citrullinep on the first day after NEC 
onset did not correlate with FEFt.11 Compared with our study design, this study assessed 
time to FEF in days,11 while we categorized the infants into ≤ vs. > total group’s median 
FEFt, which may be a more robust assessment.

We did not find an association between citrullinep levels and FEFt in surgically treated 
infants. This suggests that intestinal recovery, including recovery of enterocyte function, 
is different after surgical intervention than during conservative treatment, possibly due 
to the removal of affected tissue. Similarly, in the NaNEC-trial we previously found that 
intestinal oxygen saturation measurements after the first enteral re-feed after NEC was 
associated with FEFt, particularly in the conservatively treated group, while not in the 
surgically treated group.18   

The strengths of our study are the prospective design and the multiple measurements 
within an 48 hour timeframe, while, to the best of our knowledge, previously published 
studies on citrulline levels in infants with NEC were solely based on single or twice weekly 
measurements.8,9,11,16,19 The insight on the possible predictive value of citrulline levels to 
help predict FEFt in infants with NEC, will be an incentive to perform more research on 
this topic. 

We acknowledge several limitations. A limitation of our study is the relatively small 
sample size as well as missing data, because it was not possible to collect blood samples 
in all time-frames for each patient. Blood samples were only collected when the clinical 
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condition of the patient required blood sampling, and for some only after transfer to our 
NICU. As a result of the small sample size, we were unable to determine whether the 
course of citrullinep during the first 48 hours after NEC onset, categorized in five time 
intervals, differed between type of treatment, survival, and FEFt. The small sample size 
may have introduced type-II error, leading to insufficient power to detect differences 
between groups. Furthermore, infants who were more severely ill potentially had more 
blood samples, inducing bias. The multiple comparisons, given the explorative nature of 
our study, may have led to change finding. In addition, we were unable to correct for 
differences in GA and BW due to the small sample size. Our two trials, however, are among 
the larger cohorts specifically focussing on NEC.17,18 Finally, we used FEFt as a surrogate for 
intestinal recovery. Possibly, FEFt is influenced by subjective interpretation by caretakers in 
charge of the feeding regime. FEFt, however, is generally used for this purpose in absence 
of a gold standard.11,18

Future studies performed in larger patient cohorts and over a longer period of time after 
NEC onset will be necessary to confirm the validity of our findings. Furthermore, it would 
be interesting to evaluate whether the course of citrullinep during the first 48 hours after 
NEC onset differs significantly between conservatively treated infants and surgically treated 
infants or between survivors and non-survivors. Future studies could provide insight in the 
clinical relevance of citrullinep levels in infants with NEC to predict disease progression, but 
also its use for individualizing enteral feeding regimens after NEC. 

CONCLUSIONS

This study demonstrated that citrullinep levels decrease during the first 48 hours after 
NEC onset, suggesting on-going intestinal injury during these first 48 hours. In addition, 
citrullinep levels were higher during the first 24 hours after NEC onset in infants who showed 
a faster intestinal recovery than in infants whose intestine needed a longer time to recover, 
with a citrullinep cut-off value of 12.3 μmol/L to reach FEF in 20 days or less. Citrullinep 
was not associated with survival or need for surgery. Whether monitoring citrullinep during 
the first 48 hours after NEC onset has potential to determine when intestinal recovery is 
initiated to aid clinicians in individualizing feeding regimens after NEC warrants further 
prospective studies in larger cohorts. 
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ABSTRACT

Background: Preterm infants requiring surgery are at risk of impaired neurocognitive 
development caused, possibly, by cerebral ischemia associated with impaired cerebrovascular 
autoregulation (CAR). We evaluated CAR before, during, and after laparotomy.  

Study design: This was a hypothesis generating prospective observational cohort study. 

Subjects: We included preterm infants requiring surgery for NEC or spontaneous intestinal 
perforation (SIP). Before, during, and after surgery we measured cerebral oxygen saturation 
using NIRS and calculated cerebral fractional tissue oxygen extraction (cFTOE). 

Outcome measures: Impaired CAR was defined if correlation coefficients (rho) between 
mean cFTOE and mean arterial blood pressure values were ≤ -0.30 with P < .05. We used 
logistic regression analyses to determine factors associated with impaired CAR. 

Results: Nineteen infants with median (IQR) GA 27.6 weeks (26.6-31.0), birth weight 1090 
g (924-1430), and postnatal age 9 days (7-12) were included. CAR was impaired more often 
during surgery than before (12 versus 3, P = .02) or after (12 versus 0, P < .01). A higher 
PCO2 level was associated with impaired CAR during surgery (OR 3.04, 95% CI, 1.11-8.12 for 
every 1 kPa increase). 

Conclusions: More than half of preterm infants with NEC or SIP displayed evidence of 
impaired CAR during laparotomy. Further research should focus on mechanisms contributing 
to impaired CAR in preterm infants during surgery.
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INTRODUCTION 

Preterm infants who undergo major surgery are at a greater risk of impaired 
neurodevelopmental outcomes than their peers.1-4 The most common surgical conditions 
requiring laparotomy in preterm infants are NEC and spontaneous intestinal perforation 
(SIP). NEC is a potentially life-threatening inflammatory disease of the intestines. It affects 
mainly preterm infants, of whom approximately 20% to 40% require surgery.5 SIP is less 
common than NEC and always requires surgical intervention.1 

Several theories have been proposed to explain the pathogenesis of subsequent 
neurodevelopmental impairment in preterm infants who had undergone major surgery. One 
possibility is that impaired cerebrovascular autoregulation (CAR) is associated with harmful 
fluctuations in cerebral perfusion, because in the absence of CAR, cerebral blood flow will 
passively vary with blood pressure.6-10 In this case, both hypotension and hypertension may 
cause neuronal injury. In case of the former there is a risk of cerebral ischemia, while in 
case of the latter there is a risk of cerebral hemorrhage.10-14 

Previously, CAR has been assessed non-invasively with NIRS. It is assessed by analyzing 
the relationship between cerebral oxygen saturation (rcSO2), as an indirect measure of 
cerebral perfusion, and mean arterial blood pressure (MABP), as a surrogate for cerebral 
perfusion pressure.14 Regional tissue oxygen saturation (rSO2), measured by NIRS, is 
commonly used to assess end-organ perfusion. While decreases in rSO2 might most 
commonly be caused by decreased perfusion, rSO2 can decline for reasons, such as increases 
in oxygen demand and consumption.15,16 The fractional tissue oxygen extraction (FTOE) can 
be calculated from the rSO2 and arterial oxygen saturation (SpO2) values. FTOE, which 
reflects the balance between oxygen supply and consumption, is less dependent on SpO2 
variations and therefore perhaps a better marker for perfusion,17 assuming a stable cerebral 
metabolic rate. CAR is considered to be impaired when cerebral perfusion changes are 
parallel to changes in MABP.10,18 On the basis of this principle the adequacy of CAR can be 
estimated by measuring the correlation between cerebral FTOE (cFTOE) and MABP values. 
A negative correlation suggests impaired CAR,10,19,20 where the correlation coefficient might 
be indicative of the level of impaired CAR. A coefficient of correlation between cerebral 
tissue oxygen saturation and MABP of > 0.3, was thought to be  suggestive of impaired 
CAR;21 the threshold coefficient of correlation between FTOE and MBAP should be reversed 
to < -0.3. Clinical and biochemical factors, such as GA, PCO2, and the use of anesthetics, 
may influence autoregulatory capabilities.8-10,18,22-24

In order to determine whether surgery and/or anesthesia increase the risk of impaired 
CAR in preterm infants with NEC or SIP, we evaluated CAR before, during, and after 
laparotomy. Secondly, we aimed to determine which clinical and biochemical variables were 
associated with impaired CAR during surgery. We hypothesized that preterm infants have an 
increased rate of impaired CAR during surgery in comparison to the rates of impaired CAR 
before and after surgery.
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METHODS

Study design
We performed a prospective observational study. All preterm infants with suspected NEC 
(Bell’s classification Stage ≥ 2) or SIP, who required laparotomy between September 2010 and 
November 2015 and who were admitted to our NICU, were eligible for inclusion. Indications 
for laparotomy were radiographic signs of free abdominal air or clinical deterioration in 
conservatively treated NEC infants. The definitive diagnosis, either NEC or SIP, was based 
on surgical as well as pathological findings. The study was approved by the local ethical 
review board. 

Data collection on cerebral perfusion and MABP measurements
We used an INVOS 5100C near-infrared spectrometer in combination with neonatal 
SomaSensors (Medtronic, Dublin, Ireland) to measure rcSO2. To keep the sensor in place 
and to protect the vulnerable skin of the preterm infants we placed Mepitel® (Mölnlycke, 
Sweden) below each sensor. Previous reports stated that Mepitel does not adversely affect 
INVOS integrity or validity.25 We placed the sensor on the left or right frontoparietal side of 
the head and measured rcSO2 continuously every 6 seconds. Simultaneously, we measured 
transcutaneous SpO2 using Nellcor (Medtronic), every 5 seconds. The cFTOE value was 
calculated as follows: cFTOE = (SpO2-rSO2)/SpO2  for every 30 seconds that both parameters 
(rcSO2 and SpO2) were present at the exact same time.

We aimed to collect MABP values every 5 seconds from those infants who had an 
indwelling arterial catheter, although we managed to maintain MABP data in several patients 
once every minute due to software limitations. The infants who did not have an indwelling 
arterial catheter could participate if they had noninvasive blood pressure measurements 
at a frequency of at least once every five minutes. We collected MABP and rcSO2 values 
simultaneously from a minimum of 30 minutes up to eight hours before surgery, during 
surgery, and up to eight hours after surgery. We defined the period ‘during surgery’ as the 
period from the start of anesthetic administration until the moment that the abdomen 
was closed. To determine whether an infant had impaired CAR we used the Spearman 
rank correlation test to calculate the correlation coefficients between the MABP and cFTOE 
values using all the data from the period of maximal eight hours preoperatively, the period 
during surgery, and for the period of maximal eight hours postoperatively. Next, impaired 
CAR was defined as rho ≤ -0.30 and the statistical significance as P < .05. For the purpose 
of this study, infants that did not fulfil these criteria (all correlation coefficients > -0.3) 
were considered as having no evidence for impaired CAR, from here onward referred to as 
supposedly adequate CAR. Given the relatively low sample rate of simultaneously collected 
and stored data (synchronized data of FTOE and MABP every 1-5 minutes), we were not able 
to perform sophisticated dynamic CAR measurements.
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Demographic and clinical variables
Prospectively, we recorded characteristics of the infants including GA, birth weight 
(BW), gender, Apgar scores at 5 minutes, hemodynamically significant PDA –defined as a 
PDA that needed treatment according to the attending neonatologist and cardiologist on 
both clinical and echocardiographic grounds-, postnatal day of diagnosis, either NEC or 
SIP, postnatal day of surgery, and mortality. Furthermore, we analyzed the last cranial 
ultrasound before surgery and the first cranial ultrasound after surgery to identify any 
new cerebral pathology, such as transient periventricular echodensities, germinal matrix 
hemorrhages, intraventricular hemorrhages, or periventricular leukomalacia. Additionally, 
we collected data on respiratory support, PCO2 values collected from blood gases (obtained 
if clinically indicated) of which we used the last before and the first after surgery. During 
surgery we averaged the two or three PCO2 values collected. Furthermore, we collected 
data on  Hb values, lactate values, C-reactive protein, platelet concentrations, volumes 
of red blood cell transfusions, and need for (saline) volume expansion or inotropes for 
circulatory support. 

Surgical procedure and anesthesia
All included infants underwent an exploratory laparotomy, in supine position, via a 
transverse upper abdominal incision just above the umbilicus, according to a standardized 
surgical protocol. We collected data on the time of incision, of opening the abdomen, 
of resection, of forming a stoma or performing primary anastomosis, and on the time of 
closing the abdomen. Furthermore, we recorded any medication and fluid therapy that was 
administered during surgery. Anesthesia was performed by the pediatric anesthesiologist in 
charge. For the induction and maintenance of anesthesia we used sevoflurane. Analgesia 
was achieved with fentanyl and muscle relaxation with rocuronium. Postoperative analgesia 
in the NICU consisted of acetaminophen and morphine. PCO2 was measured for clinical 
reasons as ordered by the attending pediatric anesthesiologist. For this study we chose not 
to use the data on end tidal CO2 measurements.
 
Data and statistical analysis
For the statistical analyses we used SPSS 23.0 (IBM Corp., Armonk, NY, USA). To describe 
the patient characteristics we used median (IQR) values. To evaluate differences between 
infants with supposedly adequate CAR and infants with impaired CAR we used the Mann-
Whitney test or the chi-square test.

We used the McNemar test to compare the presence or absence of CAR (categorized as 
adequate or impaired) before and during surgery, as well as during surgery and afterwards. 
Comparisons were made using the Mann-Whitney test or the Friedman test, followed by 
Wilcoxon signed rank test if statistically significant, whichever was appropriate given the 
number of measurements and distribution of the data. 
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Previous research demonstrated that GA, BW, the PCO2, the concentration of hemoglobin, 
red blood cell transfusions, and perhaps the use of inotropes or a vasodilatory drug such 
as sevoflurane, influence rcSO2 values15,24,26 and possibly autoregulatory capabilities.8,9,17,22-24 
Therefore, we wanted to explore the association between these variables and CAR, using 
univariate logistic regression analyses. We were aware however, that the sample size 
hampered us from exploring all potential confounders. We converted BW into z scores 
for GA using the Kloosterman curve.27 Next, we entered the variables with a P of < .1 into 
a multiple logistic regression model using a forward stepwise method to evaluate which 
variable enters the model with the strongest association and which variables, additionally, 
contribute to the model. Statistical significance was defined as P < .05. 

RESULTS

Patient characteristics
We identified 57 eligible infants (Figure 1). For logistic reasons we were only able to 
perform the NIRS measurements during 27 laparotomies. Out of these 27 infants, MABP 
measurements were taken from 19 infants at least once every five minutes during surgery 
as well as before and/or after surgery. These 19 infants were included in the present study. 
Table 1 contains a complete overview of the patient characteristics. Of the 19 infants, 14 
(74%) were diagnosed with NEC and five (26%) with SIP. As shown in the supplemental Table 
S1, we did not find any statistically significant differences between the characteristics and 
physiological parameters of NEC and SIP infants, except for preoperative PCO2 (NEC, 6.5 kPa 
versus SIP, 5.4 kPa, P = .03), the number of infants who received sedatives before surgery 
(NEC, 9 infants versus SIP, none, P = .03), and postoperative hemoglobin values (NEC, 7.6 
mmol/L versus. SIP, 9.0 mmol/L, P = .045). 

We did not find differences in patient characteristics between the 19 included and the 
30 non-included infants. The GA (median, IQR) of the non-included infants was 26.9 weeks 
(26.0-28.9, P = .11); BW, 960 g (745-1244, P = .19); postnatal age at surgery, 11 days (7-23, 
P = .44); type of diagnosis, SIP 29% and NEC 71% (P = .84), and survival rate, 53% survived 
and 47% died (P = .45).
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Figure 1. Flow diagram illustrating the inclusion procedure of participants
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Table 1. Clinical and biochemical characteristics

Study group
 

N = 19

CAR+ during 
surgery 

n = 7

CAR- during 
surgery 

n = 12

P value 
CAR+ 
vs. 
CAR-

Gestational age (wks)
Birth weight (g)
Male/Female
One of a twin 
Apgar score at 5 minutes
Time of clinical symptoms 
(postnatal day)
Time of surgery (postnatal day)
Diagnosis NEC/SIP
Mortality  

- From operation indication
- From other complications   

     of prematurity         
Mean arterial blood pressure 
(mm Hg)

- Preoperative
- During surgery
- Postoperative

Saline volume expansion
- Preoperative
- During surgery
- Postoperative

Inotropes
- Preoperative
- During surgery
- Postoperative

Sedatives
- Preoperative
- Postoperative

Carbon dioxide (kPa)
- Preoperative
- During surgery
- Postoperative

pH
- Preoperative
- During surgery
- Postoperative

Hemoglobin (mmol/L) 
- Preoperative
- During surgery
- Postoperative

Lactate (mmol/L), median 
(range)

- Preoperative
- During surgery
- Postoperative

27+4 (26+4-31+0)
1090 (924-1430)
14/5  (74%/26%)
8 (42%)
7 (6-8)
7 (5-9)

9 (7-12)
14/5 (74%/26%)
7 (37%)

5 (26%)
2 (11%)

 
35 (28-38) 
32 (30-36) 
35 (32-41)
 
10 (53%) 
17 (90%) 
8   (42%)
 
8   (42%) 
11 (58%) 
11 (58%)
 
9   (47%) 
19 (100%) 
 
6.0 (5.4-8.1) 
5.3 (3.7-6.1) 
7.2 (5.8-8.1)
 
7.28 (7.22-7.35) 
7.32 (7.25-7.38) 
7.22 (7.14-7.35)
 
7.8 (7.2-8.7) 
7.8 (6.8-8.0) 
7.8 (6.9-8.9)

 
2.3 (1.1-10.6) 
2.7 (1.0-10.8) 
2.3 (.9-10.9)

29+5 (28+6-34+2)
1250 (1100-1525)
6/1    (86%/14%)
5 (71%)
8 (7-9)
7 (6-31)

9 (7-31)
6/1 (86%/14%)

1 (14%)
1 (14%)
-
 

39 (35-50) 
33 (31-38)
41 (35-42)
 
4 (57%) 
5 (71%) 
4 (57%)
 
3 (43%) 
4 (57%) 
4 (57%)
 
4 (57%) 
7 (100%)
 
5.8 (5.4-8.1) 
3.7 (2.9-4.7) 
6.6 (6.2-7.8)
 
7.24 (7.1-7.33) 
7.36 (7.28-7.49) 
7.22 (7.18-7.26)
 
7.9 (7.2-8.2) 
7.3 (3.9-8.0) 
7.4 (6.5-7.8)

 
4.9 (1.1-10.6) 
2.0 (1.0-10.8) 
2.5 (0.9-10.9)

26+6 (26+2-27+6)
983   (811-1173)
8/4    (67%/33%)
3   (25%)
6   (6-8)
7   (4-8)

10 (4-12)
8/4 (67%/33%)

6 (50%)
4 (33%)
2 (17%)
 

33 (27-38) 
31 (29-36)
35 (30-37)
 
6   (50%) 
12 (100%) 
4   (33%)
 
5  (42%) 
7  (58%) 
7  (58%)
 
5   (42%) 
12 (100%)
 
6.2 (5.5-8.8) 
6.0 (4.9-6.5) 
7.4 (5.0-8.8)
 
7.3(7.23-7.36) 
7.3(7.25-7.37) 
7.21(7.1-7.35)
 
7.7 (7.1-8.9) 
7.8 (7.1-8.1) 
8.6 (7.2-9.4)

 
1.9 (1.3-4.6) 
3.0 (1.8-4.0) 
2.0 (1.4-3.4)

.02*

.06

.60

.07

.07

.38

.71

.60

.17 
-
-
 

.10 

.20

.09
 
.84 
.34 
.48
 
.97 
.97 
.86
 
.65 
-
 
.62 
.01* 
1.00
 
.27 
.31 
.86
 
.90 
.38 
.09

 
.45 
.33 
.95
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Table 1. Continued

Study group
 

N = 19

CAR+ during 
surgery 

n = 7

CAR- during 
surgery 

n = 12

P value 
CAR+ 
vs. 
CAR-

Thrombocytes (*10^9/L), 
median (range)

- Preoperative
- Postoperative

C-reactive protein (mg/L), 
median (range)

- Preoperative
- Postoperative

Red blood cell transfusion 
during surgery (mL/kg) 
Hemodynamically significant 
PDA             
New cerebral lesions on first 
ultrasound postoperatively 
- GMH 
      Grade I-II 
      Grade III-IV
- TPE 
- PVL

 

106 (18-385) 
74   (28-254)
 

91 (1-283) 
88 (1-203)
19 (7-34)

10 (53%)
 

 
- 
- 
1 (5%) 
-

 

99 (18-263) 
69 (28-135)
 

89 (25-283) 
71 (52-71)
20 (0-47)

1 (14%)

 

 
- 
- 
- 
-

 

150 (30-385) 
76   (32-254)
 

96   (1-149) 
111 (1-203)
19 (10-29)

8 (67%)

 

 
- 
- 
1 (8%) 
-

 

.52 

.64
 

.76 

.63
1.00

.06

 

 
- 
- 
- 
-

Abbreviations: CAR+, adequate cerebrovascular autoregulation; CAR-, absent cerebrovascular 
autoregulation; wks, weeks; SIP, spontaneous intestinal perforation; GMH, germinal matrix hemorrhage; 
IVH, intraventricular hemorrhage; TPE, transient periventricular echodensities; PVL, periventricular 
leukomalacia. Data are expressed as median (IQR) or as numbers (percentage) unless otherwise 
specified; * P < .05.
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Anesthesia
The total time spent in the operation room was median (IQR) 155 minutes (100-195). 
The median (IQR) end tidal sevoflurane concentration was 1.1% (0.7%-1.4%). The median 
(IQR) rocuronium and fentanyl doses were 1.4 (1.1-2.2) mg/kg, and 11.4 (7.2-13.8) µg/kg, 
respectively. 

Cerebral oxygenation
Preoperatively, we found median (IQR) rcSO2 values of 64% (53-75), 65% (53-73) during 
surgery, and 72% (60-82) postoperatively. The cFTOE values were: preoperative, median 
(IQR) 0.30 (0.22-0.40), 0.30 (0.23-0.44) during surgery, and postoperative, 0.22 (0.16-0.36). 
The preoperative rcSO2 and cFTOE values did not differ from the rcSO2 (P = .14) and cFTOE (P 

= .39) values during surgery. We found higher rcSO2 and lower cFTOE values postoperatively 
compared to rcSO2 (P = .02) and cFTOE (P = .01) during surgery. 

Mean arterial blood pressure 
MABP was median (IQR) 35 (28-38) mm Hg preoperatively, 32 (30-36) mm Hg during surgery, 
and 35 (31-42) mm Hg postoperatively. We did not find any differences, using the Friedman 
test, in median MABP values comparing preoperative values, values during surgery, and 
postoperative values (P = .40). 

Cerebral autoregulation 
Preoperative combined MABP and cFTOE measurements were not taken in four out of the 
19 preterm infants. In two infants postoperative combined MABP and cFTOE data were 
lacking. We found that three out of 15 infants (20%) had impaired CAR preoperatively, 
12 out of 19 patients (63%) had impaired CAR during surgery, and none had impaired CAR 
postoperatively (Table 2). We found a higher incidence of impaired CAR during surgery 
compared to preoperatively (63% versus 19%, P = .01) and compared to postoperatively 
(63% versus none, P = .002). Of the 12 infants in whom we actually measured supposedly 
adequate CAR preoperatively, eight infants (67%) seemed to lose CAR during surgery (P = 
.01). Of these eight infants, none had impaired CAR postoperatively (P = .02)

Cerebral oxygenation and mean arterial blood pressure in infants with adequate and 
impaired CAR during surgery
Cerebral oxygen saturation values, cerebral FTOE values, and MABP values did not differ 
between infants with supposedly adequate CAR during surgery and infants who showed 
impaired CAR during surgery. Cerebral rSO2 values were median (IQR) 70% (53-87) in infants 
with supposedly adequate CAR versus 64% (54-73) in infants with impaired CAR (P = .71). 
Cerebral FTOE values were median (IQR) 0.28 (0.13-0.45) in infants with supposedly 
adequate CAR versus 0.31 (0.24-0.43) in infants with impaired CAR, (P = .77). MABP values 



542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik
Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020 PDF page: 125PDF page: 125PDF page: 125PDF page: 125

125

Cerebrovascular Autoregulation during Laparotomy

6

during surgery were median (IQR) 33 (31-38) mm Hg in infants with supposedly adequate 
CAR versus 31 (29-36) mm Hg in infants with impaired CAR (P = .20). Seven (26%) infants 
showed a lower MABP during surgery in comparison to preoperative MABP measurements. 
Four of these infants seemed to lose CAR during surgery, whereas three infants did not. 

Clinical and biochemical variables associated with impaired CAR
Two variables appeared significantly associated with impaired CAR during surgery in the 
univariate logistic regression models (Table 3). 

First, a rise of 1kPa in PCO2 resulted in a three times higher risk of absent CAR during 
surgery (OR 3.05, 95% CI, 1.11-8.12, P = .03). Median (IQR) PCO2 values are depicted in Figure 
2 for infants with CAR and impaired CAR during surgery. The PCO2 values were lower during 
surgery compared to preoperative (3.7 kPa versus 5.8 kPa, P = .03), as well as postoperative 
values (3.7 kPa versus 6.6 kPa, P = .02), in infants who had supposedly adequate CAR during 
surgery. This was not the case for infants who had an impaired CAR during surgery (Figure 
2). Furthermore, PCO2 values were lower in the infants with supposedly adequate CAR in 
comparison to infants with impaired CAR during surgery (3.7 kPa versus. 6.0 kPa, P = .007).  

Second, a rise of 0.1% in the end tidal volume of sevoflurane had a 1.42 greater risk of 
impaired CAR during surgery (OR 1.42, 95% CI, 1.01-1.99, P = .045).  We found no associations 
between impaired CAR during surgery and GA, BW (z scores), the need for inotropics during 
surgery, the volume of RBC transfusion (mL/kg), or Hb values (Table 3). 

Next, we constructed a multivariate model with the PCO2, end tidal volumes of 
sevoflurane and GA. We found that only PCO2 remained significantly correlated with CAR in 
the model (OR 3.05, 95% CI, 1.11-8.12, P = .03).
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Figure 2. Perioperative PCO2 values in preterm infants with supposedly adequate CAR and impaired 
CAR during laparotomy
The boxes represent the individual PCO2 values between the 25th and 75th centiles (interquartile range);
the whiskers represent the range of values, with the exception of outliers.Outliers are represented 
by the diamonds, defined as values between 1.5 interquartile range and 3.0 interquartile ranges
from the end of a box. * P < .05 Abbreviations: CAR – Cerebrovascular autoregulation; pCO2 – Partial 
carbon dioxide

Table 3. Univariate logistic regression analysis of clinical and biochemical data and their association 
with impaired CAR during laparotomy

Variable CAR – (n = 12) CAR + (n = 7) OR 95% CI P value

Gestational age (wks)
Birth weight (z scores)
Treatment with inotropics 
during laparotomy (Yes/No)
Partial carbon dioxide (kPa) 
during laparotomy
Hemoglobin (mmol/L) 
during laparotomy
Red blood cell transfusion 
(mL/kg) during laparotomy
Sevoflurane 
(end-tidal volume, 0.1%)

26.79 (26.25-27.89)
0.09   (-0.57-0.32)
4/3

6.0   (4.9-6.5)

7.8   (7.1-8.1)

18.6 (10.4-29.1)

1.3   (1.0-1.6)

29.71 (28.86-34.29)
-0.52  (-1.47-0.61)
7/5

3.7   (2.9-4.7)

7.3   (3.9-8.0)

20.0 (0.0-46.6)

0.7   (.6-1.0)

0.74
1.45
1.05

3.05

2.01

0.99

1.42

0.53-1.05
0.46-4.53
0.16-6.92

1.11-8.12

0.76-5.28

0.94-1.05

1.01-1.99

.09

.53

.96

.03*

.16

.73

.045*

Abbreviations: CAR, cerebrovascular autoregulation; CAR- ,absent cerebrovascular autoregulation; 
CAR+, adequate cerebrovascular autoregulation; wks, weeks. Data are expressed as median (IQR) or as 
numbers, unless otherwise specified; * stands for P  < .05.
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Preoperative and postoperative cerebral ultrasound examinations
Of the 17 infants that survived to have a postoperative cranial ultrasound, one infant 
showed increased transient periventricular echo densities in comparison to the last cerebral 
ultrasound preoperatively. These results are summarized in Tables 1 and 2.  

DISCUSSION

The aim of this study was to evaluate evidence for the presence of impaired CAR, defined as 
a significant negative correlation between cFTOE and MABP, during laparotomy in preterm 
infants. We found that two thirds (67%) of the preterm infants in this study that showed 
evidence of CAR prior to surgery, seemed to lose CAR during laparotomy, and supposedly 
regained CAR after. Furthermore, we showed that a rise of 1kPa in PCO2, obtained when 
clinically indicated, is associated with a three times greater risk of impaired CAR during 
surgery. 

Although previous research demonstrated that infants who had undergone neonatal 
surgery experience neurodevelopmental delay later in life, to date the etiology has not 
been extensively investigated. Impaired CAR may lead to harmful fluctuations of cerebral 
perfusion. If this occurs during surgery, it might be one of these etiological factors that 
increases the risk of brain injury and of a poorer neurodevelopmental outcome in comparison 
to preterm infants who had not undergone major surgery.6,7 Extremely preterm and critically 
ill preterm infants are less likely to regulate cerebral perfusion adequately.9,12-14 This hold 
true for infants suffering from NEC as well.26 Major surgery may represent an added risk of 
impaired CAR in these vulnerable infants. Our study showed that evidence for impaired CAR 
was displayed in more than half of the preterm infants during laparotomy.

Both hypercapnia, as well as hypocapnia is associated with harmful effects on the 
cerebral perfusion.6,22,24,28 We found that for every 1.0 kPa increase in PCO2, the risk of  signs 
of impaired CAR increased approximately threefold. A higher PCO2 has a vasodilatory effect 
on the smaller cerebral vessels, recently confirmed by Dix et al.29 In preterm infants, using 
NIRS, they found that an acute increase in end tidal CO2 was associated with increased 
cerebral oxygenation.29 Hypercapnia might reduce reactivity of the cerebral vessels and 
therefore increase the risk of  impaired CAR.28 The infants in our study with supposedly 
adequate CAR during surgery more often showed hypocapnia, with a median PCO2 of 3.7 
kPa during the laparotomy. We speculate that hypocapnia might be a result of mechanical 
hyperventilation. We did not record data on mechanical ventilation settings.

Little is known about the effect of vasodilatory anesthetic drugs, such as sevoflurane, 
on cerebral perfusion in preterm infants. It is suggested that sevoflurane might contribute 
to a pressure-passive cerebral circulation.30 Although the dose of sevoflurane seemed to be 
associated with evidence of  impaired CAR, this result did not persist in the multivariate 
model. This might be due to a mediation effect between the dose of sevoflurane and PCO2, 
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or sevoflurane indeed hardly influences CAR, possibly due to low dosages. Finally, lack of 
power in this small sample may have led to underestimating the effect of sevoflurane. 

  A final possible explanation for evidence of  impaired CAR during laparotomy addresses 
a low MABP during surgery.31 It has been reported that MABP values below 30 mm Hg or above 
60 mm Hgmight exceed the lower and upper thresholds to maintain supposedly adequate 
CAR.32 The MABP values during surgery of infants included in our study were between 30 mm 
Hg and 60 mm Hg. Only three out of the 12 infants with impaired CAR during surgery showed 
a MABP below 30 mm Hg during surgery. Therefore a low MABP could not entirely explain 
our findings. Furthermore, the MABP was not lower or higher during surgery in comparison 
to preoperative and postoperative MABP measurements. 

Although this was not the aim of our study, we demonstrated lower rcSO2 and higher 
cFTOE values prior to and during surgery in comparison to postoperative rcSO2 and cFTOE 
values. These results suggest that either cerebral perfusion increases or cerebral metabolism 
decreases postoperatively in preterm infants with NEC or SIP, because the regional tissue 
oxygen saturation depends on the balance between oxygen supply and consumption. 
Additionally, we found that the infants who survived the first eight hours after surgery 
showed evidence of adequate CAR. It remains unclear whether this increased cerebral 
oxygen saturation is related to an supposedly adequate CAR or that it may be a sign of 
recovery.   

Cerebral ultrasound was performed before and after surgery. Although 67% of the 
infants seemed to lose CAR during surgery, we did not identify any new cerebral pathology 
on the ultrasound, performed one week after surgery, in 79% of these infants. It might be 
possible that cerebral lesions were present but not detected by cerebral ultrasound. A 
previous study by Stolwijk et al reported cerebral punctate white matter lesions detected 
with magnetic resonance imaging but not detected with cerebral ultrasound.6 Furthermore, 
they observed parenchymal lesions in 75% of the preterm infants after surgery. 

In addition to the small size of our sample lacking power to be able to assess all 
potential confounders, we acknowledge several other limitations of our study. The first 
limitation concerns the method to assess CAR. Using a statistically significant negative 
correlation between cFTOE and MABP over a longer period of time is a rather crude way of 
assessing CAR. It was suggested that CAR is a dynamic process, which fluctuates over time.8 
Unfortunately, our sampling frequency was too low to perform dynamic CAR assessments 
in more detail, using moving window correlation or transfer function.10-18-21 Currently, the 
optimal method for assessing CAR is still under debate.33 By calculating Spearman rank 
correlation coefficients over these longer periods of time, and setting the correlation 
coefficient  threshold at ≤ -0.3,21 we will have missed variations in CAR, and we may have 
both overestimated and underestimated impaired CAR. 

Also, we were unable to assess the effect of all interventions on change in CAR in this 
small sample.  Nevertheless, on the basis of our data we can hypothesize that the overall 
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incidence of impaired CAR is increased in preterm infants undergoing laparotomy, and we 
believe that this hypothesis is sufficiently plausible to warrant further research focusing on 
variations in CAR and the clinical variables affecting it, in larger populations..

Another limitation of our study addresses the use of near-infrared spectroscopy to 
assess cerebral perfusion. Currently, NIRS lacks high precision and shows high individual 
differences.34,35 Nevertheless, it is a reliable method if it is used as a trend monitor to 
detect changes in oxygenation within one infant, which we then correlated with MAPB 
changes to address the presence of CAR. One also needs to keep in mind the fact that 
cFTOE is not only influenced by perfusion, but also relates to cerebral oxygen demand 
and consumption. Finally, we point out that we used the PCO2 values collected from blood 
gases, which is a single measurement obtained if clinically indicated, instead of continuous 
end-tidal CO2 measurements. End-tidal CO2 measurements, however, are not always reliable 
during laparotomy in preterm infants.36

We conclude that more than half of the preterm infants with NEC or SIP display 
evidence of impaired CAR during laparotomy, whereas preoperatively and postoperatively 
they did seem to have adequate CAR. This might pose an extra risk of brain injury. Secondly, 
we showed that potentially impaired CAR during surgery might be associated with higher 
PCO2 values. The exact mechanisms responsible for the supposed impaired CAR in preterm 
infants during surgery, and the relationship between impaired CAR and brain injury, requires 
further investigation so as to improve the neurodevelopmental outcomes of this group of 
infants in the future.  
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Time to Full Enteral Feeding after Necrotizing 
Enterocolitis in Preterm-Born Children is Related to 

Neurodevelopment at 2-3 Years of Age
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ABSTRACT

Background: Necrotizing enterocolitis (NEC) is associated with poorer neurodevelopment. 
It is, however, unclear which factors besides surgery affect neurodevelopment in preterm-
born children surviving NEC. 

Aims: We determined whether time to full enteral feeding (FEFt) and post-NEC complications 
after NEC were associated with neurodevelopment. 

Study design: Prospective observational cohort study. 

Subjects: Two to three year old preterm-born children who survived NEC (Bells stage ≥2). 
We categorized children in two groups, one group shorter and equal and one group longer 
than the group’s median FEFt. Post-NEC complications included recurrent NEC and/or post-
NEC stricture.

Outcome measures: Bayley Scales of Infants and Toddler Development III (Bayley-III) and 
Child Behavior Checklist (CBCL). Associations between Bayley-III and CBCL scores with FEFt 
and Post-NEC complications were determined using linear regression analyses, adjusted for  
severity of illness and potential confounders.

Results: We included 44 children, median gestational age of 27.9 [IQR: 26.7 - 29.3] weeks, 
birth weight 1148 [IQR: 810 - 1461] grams. Median FEFt after NEC was 20 [IQR: 16 - 30] days. 
Median follow-up age was 25.7 [IQR: 24.8 - 33.5] months. FEFt >20 days was associated with 
lower cognitive and lower motor composite scores of the Bayley-III (B: -8.6, 95% CI -16.7 
to -0.4, and B: -9.0, 95% CI - 16.7 to -1.4). FEFt was not associated with CBCL scores. Post-
NEC complications (n = 11) were not associated with Bayley-III scores nor with CBCL scores. 

Conclusions: Prolonged FEFt after NEC in preterm-born children surviving NEC is associated 
with lower cognitive and lower motor composite scores at the age of 2-3 years. These 
results show the importance of limiting the duration of the nil per mouth regimen if and 
when possible.
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INTRODUCTION

Necrotizing enterocolitis (NEC) is a devastating intestinal inflammatory disease mainly 
affecting preterm-born children.1-5 Mortality rates and the burden of morbidity in NEC 
survivors remain high.1-5 Major neurodevelopmental impairment was reported in 15% of the 
children with mild to moderate NEC, while this rate increases up to 50% in children with 
severe NEC.7,8 This holds true for cognitive functioning, motor skills, as well as behavior.6-12 

The underlying mechanism leading to a poorer neurodevelopmental outcome in preterm-
born children who developed NEC is not yet fully understood, but two important contributing 
factors seem to be excessive inflammation and surgical intervention.6,7,9-11,13 Previously, our 
group and others demonstrated that preterm-born children who developed NEC requiring 
surgery showed poorer cognitive and motor functioning than children who were treated 
conservatively.7,9-11 

One of the main components of NEC treatment is a nil per mouth (NPO) regimen 
for several days.1,14,15 Alimentation will be provided by parenteral nutrition (PN). As 
prolonged PN is associated with cholestatic liver disease and supposedly less efficient than 
enteral feeding to maintain growth,16-18 another possible contributing factor to a poorer 
neurodevelopment in NEC children might be a temporarily less adequate nutritional state. 
Although it has been reported that adequate nutrition is prerequisite for neurodevelopment 
and growth,16,19-21 evidence is limited regarding the relation between neurodevelopmental 
outcome and the duration from NPO until full enteral feeding (FEF) is tolerated again 
after NEC onset. Additionally, it remains unclear whether post-NEC complications, such 
as recurrent NEC and post-NEC strictures are associated with poorer neurodevelopmental 
outcomes. 

Therefore, we aimed to determine whether the time to full enteral feeding (FEFt) 
after NEC onset and the presence of post-NEC complications were associated with 
neurodevelopmental outcome in preterm-born children with NEC. 

MATERIAL AND METHODS

Study design and patient population
We performed a prospective observational follow-up (FU) study in our tertiary university 
hospital with NEC expertise. All children born before 37 weeks of gestation, who were 
admitted to the neonatal intensive care unit (NICU) of the University Medical Center 
Groningen and born between August 2010 and January 2017, were eligible for inclusion. 
Further inclusion criteria were the development of NEC Bell’s stage ≥ 2 and available FU 
data. All children born with a gestational age (GA) < 30 weeks or a birth weight (BW) < 
1200 grams or preterm-born children with a GA between 30 and 36 weeks who participated 
in one of our studies during their stay in our NICU, were invited for FU. Exclusion criteria 
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were congenital and/or genetic disorders, and congenital heart disease with the exception 
of a patent ductus arteriosus (PDA). The study was approved by the ethical review board of 
University Medical Center Groningen.  

NEC treatment and feeding protocols
All infants were treated according to the local NEC protocol.22 Conservative treatment 
consisted of bowel rest (NPO approximately 5 days), antibiotics (7-10 days), and respiratory 
and/or cardiovascular support if needed. Laparotomy was performed in case of signs 
of an intestinal perforation and/or a deteriorating clinical condition despite maximal 
conservative treatment. Reintroduction of enteral feeding started with 20 mL/kg/day 
on day 6 after NEC onset on the condition that abdominal distension and tenderness had 
disappeared, bloody stools were absent, and pneumatosis intestinalis had disappeared for 
at least 24 hours on abdominal radiographs, irrespective of Bell’s stage. Feeding volumes 
were subsequently increased daily by 20 mL/kg/day when tolerated. The enteral feeding 
consisted of mother’s own milk and of preterm formula or a combination of both when 
mother’s milk was unavailable or of insufficient quantity. 

Time to FEF and post-NEC complications
FEFt was defined as the time in days from start NPO after primary NEC onset until an 
amount of enteral feeding of 150 mL/kg/day for at least 24 hours was tolerated. Because 
of the small sample size, we categorized the children based on the group’s median FEFt, 
i.e. shorter/equal to group’s median FEFt or longer than group’s median FEFt. We evaluated 
two post-NEC complications, i.e. recurrent NEC and post-NEC strictures, both within the 
first 6 months after NEC onset. As only one child survived with a short-bowel syndrome after 
surgery, we refrained from any statistical analysis for this severe post-NEC complication.

Assessment of neurodevelopmental outcome 
Neurodevelopmental outcome was determined at 23 to 44 months of age, corrected for 
prematurity. We used the Bayley Scales of Infants and Toddler Development, third edition 
(Bayley-III), to assess cognitive and motor outcomes.23 The Bayley-III was conducted in all 
children by a pediatric neuropsychologist (AEdH). Cognitive and motor outcomes were 
reported as composite scores. Motor outcome consisted of the scaled subscores fine- and 
gross motor.23 All scores were corrected for prematurity. We defined (mildly) abnormal 
composite and scaled scores as ≤ -1SD. Cerebral palsy (CP) was defined according to the 
gross motor functioning classification system (GMFCS). Children with  a GMFCS > 2 were not 
approached for the Bayley-III. Furthermore, we evaluated behavioral and emotional outcome 
using the Child Behavior Checklist ages 1.5-5 years (CBCL).24 The CBCL is a questionnaire 
which is filled in by the parents. We reported internalizing T-scores, externalizing T-scores 
and total T-scores. According to the manual (standards of ASEBA), children were classified 
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as normal in case of a T-score < 60, mildly abnormal in case of a T-score between 60-63 
points, and abnormal in case of a T-score > 63.24     

Clinical, demographical and growth variables
We retrospectively collected data on postnatal characteristics and comorbidities, data 
regarding the development of NEC (including clinical and biochemical variables regarding 
the severity of illness), and growth variables from patients’ medical charts. Variables 
concerning the severity of illness included laboratory findings, duration of endotracheal 
intubation, the fraction of inspired oxygen (FiO2), administration of inotropes, and urine 
output during the first 24 hours after NEC onset. Growth variables included BW, head 
circumference (HC) at birth, body weight and HC both at one year post term, since catch-
up growth occurs for the largest part during the first postnatal year.25 For all these growth 
variables we calculated Z-scores, using Niklasson’s growth reference tables.26 We also 
collected data on the socio-economic status, which was based on the years of education 
of the mothers of the children. Furthermore we collected data on the cranial ultrasounds 
performed during NICU admission, including the ultrasounds performed during NEC. 

Statistical analysis
For statistical analyses we used SPSS 23.0 (IBM Corp., Armonk, NY, USA). Patient characteristics 
were reported as median [interquartile range (IQR)]. Distribution of data was checked with 
Q-Q plots and the Kolmogorov-Smirnov test. Differences in patient characteristics and FU 
data were determined by the Man Whitney U test, the independent-samples t-test, or the 
Chi-square test. First, we determined whether FEFt in days and post-NEC complications 
(categorized into recurrent NEC and post-NEC stricture) were associated with cognitive and 
motor composite scores, fine and gross motor scores, and CBCL T-scores, using univariate 
linear regression analyses. In addition, we determined which other clinical factors might 
influence FEFt and/or neurodevelopment. To determine which clinical factors should be 
included in the univariate analyses we chose for 1) clinical variables concerning the severity 
of illness that were significantly different between FEFt groups, as these variables might 
influence FEFt, 2) clinical variables that are reported to influence neurodevelopmental 
outcome in preterm infants, and 3) other patient characteristics that differed between 
FEFt groups. Clinical variables that are reported to influence neurodevelopmental outcome 
in preterm infants included GA, BW, late onset sepsis, intracranial hemorrhage grade III-
IV, and bronchopulmonary dysplasia.27-30 As surgical intervention indicates a more severe 
disease but is also described as variable influencing neurodevelopmental outcome,7,9-11 

surgery was included in the univariate analyses. Next, we included all variables from the 
univariate analyses that were statistically significant in a multiple linear regression model, 
after checking for multicollinearity. We built three multiple models, consisting of a model 
with FEFt adjusted for the severity of illness, a model with FEFt adjusted for variables 
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that might influence neurodevelopmental outcome, and a model with FEFt adjusted for all 
clinical variables. A p-value < 0.05 was considered statistically significant. We only included 
variables with a p-value < 0.05 to prevent over adjustment in a small study population.  
Because of the explorative nature of our study we chose not to correct for multiple testing.  

RESULTS

Patient characteristics
Overall, the incidence of NEC (Bell’s stage ≥ 2) between 2010 and 2017 was 3.2% regarding 
all gestational ages that were admitted to our NICU, including infants who were referred 
from another NICU without pediatric surgery services and eleven other medical centers 
of the northern half of the Netherlands. The incidence of NEC (Bell’s stage ≥ 2) among 
preterm infants with a GA below the 30 weeks and/or a BW below 1000 grams during 
this period was 13%. Out of the 120 preterm-born children with proven NEC (Bell’s stage 
≥ 2A) 39 children (33%) died, five children (4%) were excluded, of whom two children 
were diagnosed with severe CP (GMFCS > 2). Thirty-two children (27%) were not included 
because of absent Bayley-III scores (Figure 1). Therefore we enrolled 44 children, born at 
a median GA of 27.9 [IQR: 26.7 - 29.3] weeks with a median BW of 1148 [IQR: 810 - 1461] 
grams. NEC developed on median postnatal day 11 [IQR: 8 - 24]. Sixteen children (36%) 
needed surgical intervention. Median age at FU was 25.7 months [IQR 24.8 - 33.5]. One 
child had a ventriculoperitoneal shunt and subsequently developed epilepsy. Two children 
were diagnosed with mild CP (GMFCS ≤ 2). Two children were diagnosed with deafness. 
Two children were diagnosed with a visual deficit, but none were blind. Table 1 provides a 
complete overview of the patient characteristics. Only the FU data are depicted in Table 2. 
Differences of the patient characteristics between included infants and infants who were 
lost to FU or were invited for FU without Bayley assessment are demonstrated in Table 3. GA 
and BW were higher in the children in whom the Bayley-III assessment was missing.
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Figure 1. Flow diagram of the study population
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Table 1. Patient characteristics during NICU admission and NEC development

N = 44 FEFt ≤ 20 days n = 24 FEFt > 20 days n = 20

Baseline characteristics
Gestational age, weeks
Birth weight, grams
Head circumference at birth, centimeters
Small for gestational age (1) 

Gender, male
Multiple birth
Delivered by C-Section
Apgar score 5th min
Surfactant therapy
Treated Patent ductus arteriosus
Late onset sepsis (blood culture proven) (2)

NICU admission, days

28.1 [27.1-29.4]
1200 [943-1514]
26.0 [23.8-28.0]
3 (13%)
14 (58%)
5 (21%)
9 (38%)
8 [6-9]
13 (54%)
9 (38%)
7 (29%)*

43 [28-58]*

27.3 [26.2-29.1]
1025 [750-1369]
24.7 [23.2-27.4]
4 (20%)
13 (65%)
5 (25%)
11 (55%)
7 [6-8]
13 (65%)
10 (50%)
14 (70%)*

65 [45-95]*

NEC development and severity of illness
Postnatal age NEC onset
NEC Bell’s classification

- Bell’s stage 2A
- Bell’s stage 2B
- Bell’s stage 3A
- Bell’s stage 3B

Laparotomy
Relaparotomy

- NEC complications 
- Recurrent NEC 
- Post-NEC stricture
- Recurrent NEC and post-NEC stricture 
- Short bowel (3)

Thrombocytes (10^9/L) 
(0- 72 hours after NEC onset, lowest value)
Leucocytes (10^9/L) (0- 72 hours after NEC onset)
C-reactive protein (mg/L) 
(0- 72 hours after NEC onset)
pH (0- 72 hours after NEC onset, lowest value)
pCO2 (kPa) (0- 72 hours after NEC onset)
Lactate (mmol/L) (0- 72 hours after NEC onset)
Endotracheal intubation 
Days of mechanical ventilation from NEC onset
Fraction of inspired oxygen 
(Max % 0- 72 hours after NEC onset)
Administration of inotropes 
(0- 72 hours after NEC onset)
Urine output (ml/kg/hour) (0-24 hours after NEC onset)

11 [8-24]
 
11 (46%) 
4 (17%) 
1 (4%) 
8 (33%)
9 (38%)
-
 
2 (8%) 
2 (8%) 
- 
1 (4%) 
193 [108-305]

10.1 [5.5-17.4]
77 [17-157]

7.23 [7.18-7.32]
6.8 [6.2-7.6]#

1.6 [0.7-2.8]
14 (58%)
6 [0-8]*

25 [21-30]#

6 (25%)

5.0 [3.8-5.8]

12 [8-25]
 
6 (30%) 
6 (30%) 
4 (20%)
4(20%) 
7 (35%)
2 (10%)
 
1 (5%) 
5 (25%) 
1 (5%) 
-
170 [90-299]

7.7 [3.7-18.2]
134 [25-178]

7.22 [7.13-7.30]
7.6 [6.5-7.6]#

1.5 [1.2-3.5]
16 (80%)
10 [3-21]*

30 [21-56]#

5 (25%)

5.0 [3.3-5.7]
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Table 1. Continued

N = 44 FEFt ≤ 20 days n = 24 FEFt > 20 days n = 20

Other characteristics
Cerebral ultrasound

- Intracranial hemorrhage grade I-II
- Intracranial hemorrhage grade III-IV 
- Posthemorrhagic ventricular dilatation

Bronchopulmonary dysplasia
Retinopathy of prematurity

- Grade I-II
- Grade ≥ III

Socio-economic status (mothers) 
- 14 years of education or less
- 14-18 years of education
- 18 years of education or more

 

4 (17%) 
2 (8%)
2 (8%)
4 (17%)
 
- 
2 (8%)
21 (87%)
-
11 (45%)
10 (42)

 

7 (35%) 
1 (5%) 
1 (5%)
6 (30%)
 
8 (40%)* 
-
14 (70%)
3 (15%)#

6 (30%)
5 (25%) 

Data are expressed as numbers (percentages) or median [interquartile range] unless otherwise 
specified. * p < 0.05, # p < 0.10. 
Abbreviations: FEFt – Time to full enteral feeding; NEC – Necrotizing enterocolitis; NICU – Neonatal 
intensive care unit; pCO2 – Partial carbon dioxide
(1) Based on Niklasson’s growth reference tables.26 (2) Late onset sepsis in the period before and/or after 
NEC. (3) Based on local hospital protocol.45 
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Table 2. Patient characteristics during follow-up

N = 44 FEFt ≤ 20 days n=24 FEFt > 20 days n=20

Age (corrected for GA) at Bayley-III performance, 
months
Development of cerebral palsy (GMFCS I-II)
Visual impairments  
- Blindness 
- Visual deficit of one eye
Hearing impairments (deafness)
Bayley-III 
Cognitive outcome, n

- Abnormal (-1SD)
- Composite score, mean (SD)

Motor outcome, n     
- Abnormal (-1SD)
- Motor composite score, mean (SD)
- Fine motor score (scaled), mean (SD)
- Gross motor score (scaled), mean (SD)

CBCL, n
- Subclinical/clinical
- Total T-score, mean (SD)
- Internalizing T-score, mean (SD)
- Externalizing T-score, mean (SD)

Growth 1 year post term, n 
- ∆ Weight, kilograms
- ∆ Weight, Z-score (1)

- ∆ Head circumference, centimeters
- ∆ Head circumference, Z-score (1)

26.4 [25.1-41.8]

-
 
- 
-
2 (8%)
 
20 
- 
103 (11)* 
18
3 (13%) 
98 (11)* 
11 (2) 
8 (3)*

21
2 (8%) 
45 (10) 
45 (8) 
47 (10)
20 
8.2 [7.5-8.6]
-0.4 [-1.6 to -0.02]# 
21.6 [20.2-22.1]
0.2 [-0.4 -1.1]

25.4 [24.5-26.5]

2 (10%)
 
- 
2 (10%)
-

16
4 (20%)*

95 (13)*

17
5 (25%) 
89 (11)* 
10 (2) 
6 (2)*

15 
- 
47 (6) 
42 (8) 
51 (7)
19 
7.6 [7.2-8.3]
-1.0 [-2.1 to -0.3]# 
20.9 [18.8-22.3] 
-0.3 [-0.9 - 0.5]

Data are expressed as numbers (percentages) or median [interquartile range] unless otherwise 
specified. * p < 0.05, # p < 0.10. 
Abbreviations: Bayley-III – Bayley Scales of Infants and Toddler Development, third edition; CBCL –  
Child Behavior Checklist, ages 1.5-5 years; FEFt – Time to full enteral feeding; GMFCS – Gross motor 
functioning classification system; SD – Standard deviation. (1) Based on Niklasson’s growth reference tables.26

 

Table 3. Patient characteristics of the included and non-included infants

Study populationn = 44 Not included (missing Bayley-III) n = 32

Gestational age, weeks
Birth weight, grams
Male
NEC onset, postnatal day
Laparotomy
Post- NEC complications

- Recurrent NEC 
- Post-NEC stricture

27.9 [26.7-29.3]*

1148 [810-1461]*

27 (61%)
11 [8-24]
16 (36%)
 
3 (7%) 
8 (18%)

30.1 [28.7-33.3]*

1275 [981-1680]*

22 (69%)
10 [7-20]
11 (34%)

- 
8 (25%)

Data are expressed as numbers (percentages) or median [interquartile range] unless otherwise 
specified. * p < 0.05
Abbreviations: Bayley-III – Bayley Scales of Infants and Toddler Development, third edition; NEC – 
Necrotizing enterocolitis. 
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The association between time to full enteral feeding and neurodevelopmental outcomes 
Median FEFt after primary NEC onset was 20 [IQR: 16 - 30] days. Mean (SD) scores of the 
Bayley-III and the CBCL of infants with FEFt ≤ 20 days and infants with FEFt > 20 days 
are shown in Table 2. First, we found a significant association between lower cognitive 
composite scores and FEFt of more than 20 days with a reduction of the cognitive composite 
score of 8.6 (95% CI -16.7 to -0.4) (Table 4). We also found a significant association between 
lower motor composite scores and FEFt of more than 20 days with a reduction of the motor 
composite score of 9.0 points (95% CI -16.7 to -1.4) (Table 4). This was mainly due to a 
reduction of gross motor scaled scores, but not fine motor scaled score (Table 4). FEFt was 
not associated with the total, internalizing, or externalizing CBCL T-scores (Table 4). 

The association between post-NEC complications and neurodevelopmental outcomes
Three children (7%) had recurrent NEC with a median FEFt of sixteen (range: 16 - 26) days 
(p = 0.45). Seven children (16%) developed a post-NEC stricture and had a median FEFt of 
30 [IQR: 18 - 50] days (p = 0.05). We did not find an association between the development 
of post-NEC complications and cognitive or motor composite scores, or CBCL T-scores (Table 
4). One infant developed both, recurrent NEC and a post-NEC stricture. This infant had a 
FEFt of 101 days and scored an abnormal CBCL externalizing T-score of 67. 

The relation between FEFt, the severity of illness, clinical variables and 
neurodevelopmental outcomes
We presented the results of all univariate analyses in Table 4 and the results of the multiple 
analyses in Table 5. Only FEFt, surgery, GA, BW, and late onset sepsis were significantly 
associated with neurodevelopmental outcomes in the univariate analyses. As GA and BW 
were significantly correlated (rho 0.9, p < 0.01) we chose to only include GA in the multiple 
model and not BW. Adjusted for surgery, FEFt > 20 days remained significantly associated 
with lower cognitive composite (B -8.4, 95% CI -16.5 to -0.3) and lower motor composite 
scores (B -8.9, 95% CI -17.2 to -0.5). Adjusted for GA and late onset sepsis, FEFt > 20 days 
remained significantly associated with lower cognitive motor composite scores (B -9.3, 95% 
CI -18.6 to -0.1). Adjusted for surgery, GA, and late onset sepsis FEFt > 20 days remained 
significantly associated with lower motor composite scores (B -8.7, 95% CI -17.2 to -0.5). 
When we adjusted not just for the surgical intervention for NEC as presented in Table 4, 
but also for any other surgery at a later stage during NICU admission, we found similar 
associations (Supplemental Table 1).
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DISCUSSION 

We demonstrated that a longer FEFt after NEC onset in preterm-born children was associated 
with lower cognitive and lower motor scores at the corrected age of 2-3 years. These 
findings were irrespective of a difference in overall severity of illness or NEC requiring 
surgical intervention. Our results therefore indicate that withdrawal of enteral feeding for 
a prolonged period of time because of NEC may contribute to a poorer neurodevelopment 
in preterm-born children. Furthermore, we found that, contrary to the association with 
neurodevelopmental outcomes, FEFt was not associated with behavior reported at 2-3 
years post term. In this study, there was no evidence that post-NEC complications were 
associated with poor neurodevelopment or behavior.

During the third trimester, the brain undergoes rapid growth and differentiation.31,32 
As a result, the brain of preterm-born children which is very vulnerable to disturbances, 
including malnutrition.32 Our results confirm that adequate nutrition is prerequisite for 
brain development,31,32 and that PN does not seem to be equally efficient as enteral 
feeding for maintaining adequate nutrition. A recent animal model supports our results 
by demonstrating that malnutrition during a vulnerable period of brain development lead 
to a reduction in brain cells, myelin production, and number of synapses.32 Additionally, 
enteral nutrition during early life after preterm birth is reported to be the most significant 
contributor to brain development.33

The association between lower motor scores and a longer FEFt was predominantly  
dependent on the gross motor domain, while the fine motor domain was not associated with 
FEFt. This may be explained by the difference in timing of fine and gross motor development 
after birth. Gross motor development starts directly after birth as the all-round support 
from the amniotic fluid is missing and the child is suddenly exposed to the gravity forces 
requiring postural control to maintain body position.34 Fine motor development, however, is 
firstly observed around 10 to 12 weeks postmenstrual age.34,35 

The children with a longer FEFt after NEC may have been more severely ill than the children 
with a shorter FEFt. Inflammation, which characterizes NEC, is associated with an arrest in 
oligodendrocyte maturation, followed by myelination failure and neural axons.31 This in turn 
results in a reduced neuronal connectivity and brain volume, two important characteristics 
of the brain necessary for an adequate neurodevelopment.31 In our study population, 
however, we did not find different levels of C-reactive protein, as measure for inflammation, 
between children with a shorter FEFt and longer FEFt. From the other variables indicating 
illness severity, only the duration of endotracheal intubation was different between the 
groups, but this was not associated with neurodevelopmental outcomes. The association 
between FEFt and motor scores were thus not based on differences in illness severity. 
In addition to the severity of illness, we also demonstrated that FEFt remained strongly 
associated with neurodevelopmental outcomes adjusted for GA and late onset sepsis. It 
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may be possible that the effect of a longer FEFt on neurodevelopmental outcome is larger 
in infants with a lower GA, but this requires further study.    

Previously, our group and others demonstrated that preterm-born children who 
developed NEC requiring surgery had lower cognitive and motor development compared 
with conservatively treated children.7,9-11 We demonstrated that adjusted for surgery, FEFt 
remains significantly associated with both cognitive and motor scores. This suggests that 
the duration of FEFt after NEC onset may be even more important for neurodevelopmental 
outcome in this group of children, than whether surgical intervention was required. This 
needs to be further investigated in larger prospective studies.  

In our study population, we did not find a difference in relative weight gain and head 
growth one year post term between children with a longer and shorter FEFt. This suggests 
that although NEC is a risk factor for impaired growth, this might be unrelated to the 
duration until full enteral feeding is tolerated again. Supposedly, growth after NEC is more 
likely to be dependent on the severity of NEC,8,9 or differences in growth are too subtle to 
detect and have been overcome in the months following NEC. 
We also determined whether the development of post-NEC complications, including 
recurrent NEC and post-NEC strictures, resulted in a poorer neurodevelopmental outcome, 
and demonstrated that this was not the case. A possible explanation may be that FEFt did 
not differ between children with and without recurrent NEC, and similarly between children 
with and without post-NEC strictures. It might also be that our sample size was too small 
to detect any associations.  

In the present study, FEFt and the presence of post-NEC complications were not 
associated with behavioral outcomes. Several studies also did not find associations 
between nutritional restriction, indirectly measured by growth, and behavior outcomes.36-40 
Nevertheless, behavioral problems may become more obvious at an older age as they have 
been reported at school age in children who survived NEC.10,12,41 We tested behavior using 
a questionnaire that was filled in by the parents at home, which may have underestimated 
behavioral problems, as has been reported before.42 

Our study population achieved relatively high cognitive and motor composite scores 
with means between the 0 SD and -1 SD of the reference population. Several studies 
reported lower cognitive and motor outcomes in preterm-born children who developed NEC 
than their peers.7-9 The relatively high composite scores in our study population might be 
explained  by the version of the Bayley assessment.43,44 Additionally, anesthetical, surgical 
and neonatal techniques may have improved during the past years. 

To the best of our knowledge, we are the first to demonstrate an association between 
withdrawal of enteral feeding because of NEC and a decrease in cognitive and motor 
scores at the corrected age of 2-3 years. We do acknowledge several limitations. We 
realize that although this study was in part prospective, patient data were also collected 
retrospectively. Because of our small sample size, we were limited in the amount of 
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potential confounders that we could include in our multiple analyses. This small sample size 
may also have introduced type-II error, leading to insufficient power to detect differences 
between groups. Furthermore, we found that infants who were excluded because of missing 
Bayley data were older than the included infants. This may have caused bias. Finally, we 
used the time between NPO after primary NEC onset until FEF was tolerated again and 
adjusted our analysis for surgical intervention. Some infants, however, needed surgery for 
several reasons for several times at different ages, including a repetitive postoperative NPO 
regimen. When adjusting not just for the surgical intervention for NEC in the acute phase 
of the disease, but also for any other surgery at a later stage during NICU admission, results 
remain similar. Unfortunately, due to the small sample size, we were also unable to adjust 
for multiple NPO periods. This study, however, is a first step to address the association 
between withdrawal of enteral feeding and neurodevelopment.   

In conclusion, we demonstrated that FEFt of more than 20 days after primary NEC onset 
in preterm-born children was, independent of illness severity or need for surgery, associated 
with a considerable reduction of cognitive and motor scores during neurodevelopmental FU 
at the corrected age of 2-3 years. We did not find an association between FEFt and behavior. 
Finally, there was no evidence that the presence of post-NEC complications were  associated 
with cognitive, motor, and behavior outcomes. Our findings suggests that the withdrawal of 
enteral feeding longer than 20 days contributed to a poorer neurodevelopmental outcome 
in preterm-born children who survived NEC. Although a rapid reintroduction of enteral 
feeding after NEC onset is not always achievable, these results show the importance of being 
aware of the effect of withdrawing enteral feeding to limit the duration of this regimen 
if and when possible. The results of the present study, however, should be confirmed in a 
prospective study in a larger cohort, addressing also the influence of possible confounders.  
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Supplemental Table 1. The relation of time to full enteral feeding and post-NEC complications with 
Bayley-III and CBCL outcomes, using multiple linear regression analyses, corrected for surgery in 
the acute phase of the disease as well as any surgery in a later stage during NICU admission and 
other potential  confounders.

FEFt > 20 days 
univariate

FEFt > 20 days 
adjusted for total 
surgery

FEFt > 20 days 
adjusted for 
total surgery, 
gestational age, 
and late onset 
sepsis

B (95% CI) B (95% CI) B (95% CI)
Bayley-III
 Cognitive composite score 
 Motor composite score
    Fine motor (Standard Scores)
    Gross motor (Standard Scores)

-8.6 (-16.7 to -0.4)*

-9.2 (-16.7 to -1.4)*

-1.0 (-2.3 – 0.3)
-1.8 (-3.5 to -0.0)*

-8.7 (-16.9 to -0.6)*

-8.5 (-15.9 to -1.0)*

-1.00 (-2.3 – 0.3)
-1.6 (-3.2 – 0.3)#

-9.1 (-18.4 – 0.2)#

-8.2 (-16.9 – 0.5)#

-1.0 (-2.5 – 0.5)
-1.4 (-3.2 – 0.4)

CBCL
 Total Score (T-scores)
    Internal scores (T-scores)
    External scores (T-scores)

1.4 (-4.6 – 7.5)
-2.6 (-8.1 – 2.9)
4.4 (-1.8 – 10.7)

1.5 (-4.7 – 7.6)
-2.6 (-8.2 – 3.0)
4.3 (-2.0 – 10.7)

2.1 (-4.9 – 9.1)
-0.1 (-6.5 – 6.3)
3.2 (-4.1 – 10.4)

Abbreviations: Bayley-III – Bayley Scales of Infants and Toddler Development, third edition; CBCL – 
Child’s Behavior Checklist, ages 1.5-5 years; FEFt – Time to full enteral feeding. * p < 0.05, # p < 0.10
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

“ Born after 29 weeks of gestation, weighing just over a kilo. In the meantime eleven days 

old and transferred from the NICU to a post-IC department. Then, a fever in the morning. 

A sudden onset of abdominal tenderness and distension, sparse peristalsis, and feeding 

retentions during the evening. The infant was transferred back to the NICU because of 

clinical suspicion of NEC. Serial radiographic examinations showed thickened intestinal 

walls, pneumatosis intestinalis in the right lower abdomen, and signs of a fixed loop. 

Because of clinical deterioration despite conservative treatment it was decided to go 

to theatre to perform a laparotomy. At first, just after the incision, the entire small 

intestine was affected but still vital. Two perforations were resected. Meanwhile the small 

intestine turned increasingly purple and became less vital. The surgeon continued, willing 

to give it a try. Despite the efforts, the entire small intestine turned necrotic. Severe 

metabolic disbalance, coagulation disorders, and respiratory- and circulatory insufficiency 

developed quickly. Suddenly, an inoperable condition became apparent. Comfort care was 

offered, and a few hours later, in the arms of loving parents, the infant passed away.“   

A recent case at our NICU, by S.K.     

Despite intensive research and numerous improvements in neonatal care over the past 
decades, we still cannot prevent the development of necrotizing enterocolitis (NEC) and it 
continues to be the deadliest gastrointestinal disease among preterm infants.1-3 Within hours 
after onset this disease can progress insidiously towards a fulminant condition resulting in a 
fatal outcome as illustrated by the case above.3,4 Could we have predicted beforehand that 
this infant would develop NEC? And that he would not survive despite surgery? Additionally, 
is it possible to identify which infants will benefit from surgical intervention or which infants 
will and will not quickly recover after NEC? The aim of this thesis was to investigate how 
feeding very preterm infants affects intestinal oxygenation, whether postprandial intestinal 
oxygenation is related to the development of NEC, and whether we can predict survival and 
intestinal recovery after NEC onset, using a variety of biomarkers. Furthermore, this thesis 
addressed possible etiologic mechanisms affecting neurodevelopment after NEC, aimed to 
individualize and improve NEC treatment and care. 
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Main findings
Our research questions and main findings are summarized in Figure 1 and the summary 
below. 

Chapter 2: What is the effect of enteral bolus feeding on intestinal oxygen saturation and 

extraction in preterm infants during the first five weeks after birth, and does this depends 

on postnatal age, postmenstrual age and/or feeding volumes? 

To address this research question, we compared preprandial with postprandial intestinal 
oxygen saturation values of preterm infants during the first five weeks after birth. We 
found that the intestinal oxygen saturation did not increase after bolus enteral feeding 
during the first four weeks after birth. Only the fifth postnatal week, particularly at a 
postmenstrual age  ≥ 32 weeks when greater volumes of enteral feeding are tolerated, 
we found a postprandial increase of the intestinal oxygen saturation. We speculate that 
at young gestational and postmenstrual ages preterm infants are still unable to increase 
intestinal oxygen saturation after feeding, which might be essential to meet metabolic 
demands. 

Chapter 3: Can preoperative intestinal and cerebral oxygen saturation measurements add 

value to conventional clinical assessment to help us identifying which preterm infants who 

developed necrotizing enterocolitis will survive after surgery? 

In this study we assessed the added value of preoperative regional intestinal oxygen 
saturation (rintSO2) measurements and regional cerebral oxygen saturation measurements 
(rcSO2) to estimate the chance of surviving surgery for necrotizing enterocolitis. We found 
that preoperative rintSO2 was higher in survivors than in non-survivors. We demonstrated 
that all infants with a rintSO2 above the 53% survived and all infants with a rintSO2 below 
the 35% did not survive. Preoperative cerebral oxygen saturation (rcSO2) did not differ 
between survivors and non-survivors. In a multiple model, including the clinical parameters 
c-reactive protein, lactate, and fractional inspired oxygen, only rintSO2 remained significant 
as estimator of mortality. These findings show that preoperative rintSO2 measurements may 
contribute towards accurately estimating postoperative survival in preterm infants with 
necrotizing enterocolitis, thereby offering clinicians a novel adjunct in the counseling of 
parents.  

Chapter 4: Can intestinal oxygen saturation and the level of urinary intestinal-fatty acid 

binding protein help us predict intestinal recovery after onset of necrotizing enterocolitis 

in preterm infants?

We measured intestinal oxygen saturation (rintSO2) and collected urine to determine urinary 
intestinal-fatty acid levels (I-FABPu) of preterm infants at four different moments after NEC 
onset: 0-24 hours; 24-48 hours; before the first re-feed; after the first re-feed. Intestinal 
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recovery was defined as:
1) below or equal/above group’s median time to full enteral feeding (FEFt) or
2) the development of post-NEC complications (recurrent NEC or post-NEC stricture). 
We found that rintSO2 values after the first re-feed were higher and the range of the rintSO2 
was wider after the first re-feed in infants with a relatively short FEFt than in infants with 
a longer FEFt. Mean rintSO2 ≥ 53% combined with a range ≥ 50% predicted FEFt within 14 
days with an odds ratio of 16.7. I-FABPu levels were higher after the first re-feed in case 
of post-NEC stricture, but not different in case of recurrent NEC, compared with infants 
without complications. These results suggest that the rintSO2, its range, and I-FABPu after 
the first re-feed after NEC aid in predicting intestinal recovery and have potential value in 
individualizing feeding regimens after NEC.

Chapter 5: Can plasma citrulline levels during the first 48 hours after onset of necrotizing 

enterocolitis be used as biomarker to gain more insight in disease progression, survival, 

and recovery after necrotizing enterocolitis?

We collected multiple blood samples during the first 48 hours after NEC onset in preterm 
infants with NEC. We found that median plasma citrulline levels decreased during the 
first 48 hours after NEC, suggesting on-going intestinal injury. We also found that plasma 
citrulline levels were higher 0-24 hours, but not 24-48 hours, after NEC onset in infants 
with time to full enteral feeding of 20 days or less than in infants with a longer time 
to full enteral feeding, particularly in conservatively treated infants. Selecting a cut-off 
value for citrulline in this subgroup of 12.3 μmol/L, we found a specificity of 100%, a 
sensitivity of 83%, a positive predictive value of 100%, and a negative predictive value 
of 92% to reach full enteral feeding in 20 days or less. Median plasma citrulline levels 
did not differ between conservatively treated and surgically treated infants, nor between 
survivors and non-survivors, 0-48 hours after NEC onset. Our findings suggests that plasma 
citrulline measurements during the first 24 hours after NEC onset may provide an indication 
for intestinal recovery rate and may aid in identifying surviving infants who will recover 
relatively fast. 

Chapter 6: Does surgery and/or anesthesia increase the risk of impaired cerebrovascular 

autoregulation in preterm infants with necrotizing enterocolitis or a spontaneous intestinal 

perforation?

We assessed the presence or absence of cerebrovascular autoregulation by calculating 
the correlation coefficient between cerebral oxygen extraction measurements and 
mean arterial blood pressure values before, during, and after laparotomy for NEC or 
spontaneous intestinal perforation (SIP). Absent cerebrovascular autoregulation was 
defined as a statistically significant negative correlation with rho ≤  -0.30. We showed 
that cerebrovascular autoregulation was impaired more often during surgery than before 
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or after. More than half of the infants displayed evidence of impaired cerebrovascular 
autoregulation during laparotomy. We also found that a higher PCO2 level was associated 
with impaired cerebrovascular autoregulation during surgery, with an odds ratio of 3.0 for 
every kPa increase of the PCO2. These findings suggest surgery and/or anesthesia in preterm 
infants with NEC or SIP may contribute to an increased risk for an impaired cerebrovascular 
autoregulation.  

Chapter 7: Does the time to full enteral feeding after necrotizing enterocolitis onset and/

or the development of post-NEC complications influence neurodevelopmental outcome in 

preterm born children with necrotizing enterocolitis? 

At the children’s ages of 2-3 years, we applied the Bayley Scales of Infants and Toddler 
Development III (Bayley-III) and Child Behavior Checklist (CBCL) to assess cognitive, motor, 
and behavioral outcomes in preterm-born children who had gone through NEC in the 
neonatal period. We found that a longer time to full enteral feeding after NEC onset was 
associated with both lower cognitive and lower motor composite scores of the Bayley-III. 
The time to full enteral feeding was not associated with CBCL scores. Furthermore, we 
demonstrated that the development of post-NEC complications, i.e. recurrent NEC or a 
post-NEC stricture, were not associated with Bayley-III scores nor with CBCL scores. These 
findings suggest that a prolonged time to reach full enteral feeding after NEC in preterm-
born children may be associated with poorer neurodevelopmental outcome at the age of 
2-3 years. These results underscore the importance of limiting the duration of the nil per 
mouth regimen if and when possible.
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Figure 1. Summary of the main findings of the thesis
Abbreviations: NEC - Necrotizing Enterocolitis; rintSO2 - regional intestional oxygen saturation
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GENERAL DISCUSSION

Intestinal circulation, enteral feeding, and the development of necrotizing enterocolitis
To better understand the main issues of this thesis addressing the period from NEC onset 
until two to three years of corrected age, we first determined the effect of enteral feeding 
on intestinal perfusion in preterm infants.

The main contributor of blood flow and oxygen supply to the intestines is the superior 
mesenteric artery (SMA).5 Under physiological conditions, the intestinal blood flow and 
oxygen extraction of preterm infants are primarily regulated by the intestines’ metabolic 
demands in both the fasted and fed state.6 In addition, intestinal autoregulatory capacity 
is possibly limited in preterm infants, due to immaturity of the vasodilatory receptors, 
affecting the ability to increase intestinal perfusion.7-10 The intestinal circulation is 
influenced extrinsically by neuronal and humoral factors and intrinsically by metabolic 
factors and endogenous vasodilators.9,10,13 Changes in oxygen delivery and extraction due to 
changes in metabolic demands, however, depend predominantly on intrinsic modulation.9,10 
To regulate oxygen uptake by intestinal tissue, resistance blood vessels regulate the local 
blood flow, while precapillary sphincters regulate the perfused capillary density.9,11,12 
Oxygen extraction increases through dilatation of the precapillary sphincters, which in turn 
results in an increased capillary surface for oxygen exchange.8,9,13,14 Oxygen supply increases 
by increasing the blood flow through dilatation of the resistance blood vessels.8,9,12-14 The 
vascular tone is regulated by intrinsic relaxing factors (nitric oxide e.g.) and constricting 
factors (endothelin e.g.) produced and released by the vascular endothelium that act on 
the vascular smooth muscle cells.13,15,16 Both mechanisms, dilatation of the precapillary 
sphincters and dilation of the resistance blood vessels, aim to maintain a stable oxygen 
availability-to-demand ratio.8,9,14 Preterm infants, however, seem to be less able to 
maintain a stable oxygen availability-to-demand ratio, probably due to less blood flow 
reserve of the SMA.6,7 Theoretically, the intestines of preterm infants are at increased risk 
for mucosal damage as a result of hypovolemic/hypoxic stress, particularly at times of 
increased metabolic demands.6,7 

One of the factors increasing intestinal metabolic demands in a healthy intestine 
is the passage of enteral feeds.13-21 This leads to an increased oxygen uptake, which is 
initially met by increasing intestinal blood flow resulting from a decrease of the vascular 
resistance.13,14,17-23 This increase in blood flow to the gastrointestinal tract during the 
digestion and absorption of nutrients is called postprandial hyperemia.19,20,24. In a newborn 
piglet model, blood flow changes in the mucosa of the small intestine accounted for most 
of the postprandial intestinal hyperemic response.10 This increase in blood flow results from 
a shift of flow to the mucosal layer by a process of capillary recruitment, i.e. existing but 
closed vessels open up.24 The developing intestine, particularly the small intestine may be 
vulnerable to a misbalance between metabolic demand and oxygen availability, as blood 
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flow changes of the mucosa of the small intestine accounts for most of the postprandial 
intestinal hyperemic response.10,24 In contrast to the favorable contribution of enteral 
feeding to gut-function, growth, and brain development,5,19,25,26 enteral feeding might 
also be contributing to intestinal mucosal damage, impaired digestive functions, feeding 
intolerance and maybe even NEC, in case of immature intestines.17-19,21 

In Chapter 2, we indeed demonstrated that preterm infants did not seem to increase 
their intestinal oxygen saturation after enteral feeding during the first four weeks after 
birth, particularly if their postmenstrual age was below 32 weeks. Except for the fifth day 
after birth, we also did not observe a decreased postprandial intestinal oxygen saturation. 
Instead, intestinal oxygen saturation at group level remained stable during and after bolus 
feeds. Normally, in case of a relatively low oxygen delivery, oxygen extraction increases, 
until a critical point of mismatch of the oxygen availability-demand-ratio, in which case 
further increase of extraction is limited (Figure 2).10,27 Theoretically, when intestinal 
metabolic demands increase due to enteral feeding while intestinal oxygen delivery remains 
stable, one would expect an increase of intestinal oxygen extraction. 10,27  

Figure 2. The principal of the oxygen availability-to-demand ratio
Abbreviations: FTOE - Fractional tissue oxygen extraction; O2 - oxygen; rSO2 - regional tissue oxygen 
saturation

We, however, observed a stable postprandial intestinal oxygen extraction during the first 
four weeks. Whether this is due to the inability to increase intestinal oxygen extraction, 
or to a low increase of intestinal metabolic demands as a result of small feeding volumes, 
remains unsure. We did demonstrate that an increased intestinal oxygen saturation was 
seen after larger feeding volumes. We speculate that in case of small feeding volumes, as 
is the case just after birth, pre- and postprandial metabolic demands do not change. From 
the fifth week onwards, or at postmenstrual ages of 32 weeks and older, the intestinal 
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oxygen saturation after feeding did increase while the oxygen extraction remained stable. 
This finding supports the hypothesis that the metabolic demand does increase at higher 
volumes, but that preterm infants might not yet be able to increase intestinal oxygen 
delivery at younger corrected gestational ages. Recently, it has been suggested that 
preterm infants with intrauterine growth restriction are unable to develop physiological 
postprandial increases of the SMA blood flow after the first feeding, but may acquire this 
ability later, when able to tolerate full enteral feeding.5 Our study population consisted of 
both appropriate and small for gestational age infants. As only six infants were small for 
gestational age, we refrained from performing subanalyses between these two groups to 
address differences in postprandial responses of the intestinal circulation.  

Currently, feeding regimens differ between NICUs and between countries.3 These 
differences include the timing to introduce enteral feeding after birth,28 the speed of 
feeding increments,29 and the mode (bolus vs. continuous) and frequency of feeding.19,21,23 
Several studies did report an increased intestinal perfusion after bolus feeding in relatively 
healthy preterm infants with a corrected gestational age of at least 32 weeks.19-23 In case 
of continuous feeding at similar ages, the intestinal perfusion remained stable or even 
decreased.19,23 Possibly, postprandial changes of the intestinal metabolic demand differs 
between continuous and bolus feeding. The incidence of the development of NEC, however, 
has been reported to be similar for both feeding regimens by several studies.5,30,31 It 
remains difficult to conclude whether a lack of postprandial increased oxygen saturation 
at the younger ages after enteral feeding, indicating a lack of increased perfusion, is truly 
associated with the development of NEC. The (lack of) postprandial hyperemia and the 
development of NEC, however, both primarily affect the intestinal mucosa.10,24,32 Recently, 
an experimental NEC model reported that gut hypoxia was associated with poor postprandial 
hyperemia early after birth in neonatal pups.33 In a neonatal mice model hyperosmolar 
formula feeding induced mucosal hypoxia of the intestine that resulted in an inflammatory 
response,  and NEC, due to a poor postprandial intestinal response.33

The pathophysiology of NEC is multi-factorial and complex. In Figure 3 we provide 
a summary of how immaturity of the hemodynamic balance in preterm infants and 
responses to feeding of the intestinal circulation might affect the other factors suggested 
to be associated with the development of NEC. As a result of less blood reserve from the 
SMA, enteral feeding (resulting in an increased metabolic demand) might cause relative 
intestinal hypoxia in case of an inability to increase intestinal perfusion.5-7 A relative 
intestinal hypoxia might cause mucosal damage including disruption of endothelial cells.15,16 
This negatively influences endothelium nitric oxide production, favoring vasoconstriction 
and resulting in further intestinal hypoxia and ischemia15,16 and disruption of the intestinal 
barrier.32-35 The intestinal barrier separates the luminal contents of the intestine from the 
internal milieu of the body, thereby protecting the intestinal mucosa from exposure to 
pro-inflammatory microorganisms.34,35 Disruption of this barrier might increase the risk for 
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bacterial overgrow.32,35,36 Exposure of an immature immune system to bacterial colonization 
possibly leads to the activation of toll-like receptors by lipopolysaccharides on the bacterial 
wall, which results in an inflammatory cascade leading to further disruption of the 
intestinal mucosa, vasoconstriction and subsequent intestinal ischemia and necrosis.32,35-37 
This activated cascade will increase the risk for the development of NEC.332,36,37 In addition 
to the intestinal circulatory responses to feeding, the composition of enteral feeds may also 
promote the growth of different bacteria.32,38 Mother’s own breast milk has been suggested 
to lead to a decreased risk for the development of NEC, while preterm formula has been 
reported to increase the risk for NEC.3,32,36-41 The coherence between intestinal circulatory 
responses to feeding, intestinal ischemia, mucosal damage, bacterial colonization, and 
intestinal immune responses and inflammation still needs to be further investigated to 
better understand the pathophysiology of NEC.   

Figure 3. Before and after the development of NEC; a brief overview
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Survival and intestinal recovery after onset of necrotizing enterocolitis

One of the aims of this thesis was to determine the ability of several biomarkers to estimate 
survival and intestinal recovery after NEC onset. Based on the pathophysiologic mechanisms 
concerning intestinal perfusion and hypoxia, and epithelial damage of the intestinal mucosa 
caused by inflammation, we chose to include the biomarkers: intestinal oxygen saturation,42-44 
urinary intestinal-fatty acid binding proteins (I-FABPs),45-49 and plasma citrulline levels.50-52 
In Chapter 3, Chapter 4, and Chapter 5, we demonstrated that all three biomarkers were 
potentially able to contribute to accurately estimating the chances of survival after surgery 
for severe NEC or to predict intestinal recovery rate after NEC in surviving infants (Figure 1 
and Figure 3). We will now discuss our main findings for each biomarker separately. 

Intestinal oxygen saturation in relation to survival after surgery because of necrotizing 

enterocolitis

It is difficult to predict whether a preterm infant with severe NEC will benefit from surgical 
intervention . In Chapter 3, we introduced a non-invasive tool that contributed towards 
accurately estimating postoperative chance of survival in preterm infants with severe 
NEC, thereby offering clinicians a novel adjunct in the counseling of parents. Preoperative 
intestinal oxygen saturation measurements were higher in infants with severe NEC who 
survived after surgery and were lower in infants who did not survive. We provided intestinal 
oxygen saturation cut-off points for survival of  > 53% and for mortality of < 35%, and 
demonstrated that preoperative intestinal oxygen saturation measurements adds value 
to current clinical and biochemical assessments, such as C-reactive protein and lactate, 
in estimating the chance of survival. Cerebral oxygen saturation was not associated with 
survival after surgery for severe NEC. Based on our findings, it seems that the chance to 
survive severe NEC is predominantly determined by how severe the intestines are affected 
and less by the overall systemic severity of the disease and concomitant circulatory failure. 
In line with this theory, nine of the eleven infants who did not survive, died because of 
massive intestinal necrosis, while two infants died as a result of circulatory failure. So 
far, lower oxygen saturation values in preterm infants with NEC predicted progression 
into complicated NEC.42 Our findings that intestinal oxygen saturation measurements also 
estimate chances of survival within this group of infants with complicated NEC rather 
accurately, needs to be validated in a larger cohort. 

Intestinal oxygen saturation in relation to intestinal recovery from necrotizing enterocolitis

As previous reports described that an impaired intestinal perfusion is associated with the 
development of NEC,42-45 it is likely that intestinal recovery after NEC is associated with 
an adequate restoration of perfusion enabling the intestine to adequately respond to 
physiological changes again. Therefore, we hypothesized that intestinal oxygen saturation 
measurements could aid in distinguishing infants whose intestines are enough recovered 
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from NEC to tolerate feeds and infants whose intestines have not yet recovered enough. If 
so, intestinal oxygen saturation measurements may help clinicians to determine whether 
reintroduction of enteral feeding is achievable for an individual infant. 

In Chapter 4 we demonstrated that the intestinal oxygen saturation just after the 
first re-feed indeed distinguished infants with NEC who recovered relatively fast from 
infants who seemed to need a longer time to recover. We therefore speculate that a fully 
recovered intestine is able to respond to an increased metabolic demand after the first 
re-feed, while a not yet fully recovered intestine is not. The inability of the intestines 
to adequately respond to the first re-feed after NEC may result in an inadequate blood 
supply and thus a lower intestinal oxygen saturation. Our findings will aid in identifying 
which infants with NEC will recover relatively fast and which infants possibly need a more 
careful reintroduction of enteral feeding, to individualize feeding regimens for infants 
who developed NEC. Being able to distinguish these two groups is desirable for several 
reasons. On the one hand, prolonged withdrawal of enteral feeding might result in villous 
atrophy and reduced intestinal function.5,36,50 Additionally, prolonged TPN is associated with 
catheter related sepsis and cholestatic liver disease.5,53-55 On the other hand, reintroduction 
of enteral feeding before intestinal recovery might be associated with recurrent NEC.56,57  

The difference in intestinal recovery rate after NEC might be a result of a difference 
in the severity of affected intestines. A recent study demonstrated a relation between the 
severity of affected intestine as a result of NEC, measured with a marker for intestinal 
damage (I-FABPs), and intestinal oxygen saturation values.45 It was suggested that infants 
with uncomplicated NEC had less inflammation and necrosis than infants requiring surgery 
and infants who did not survive.42,45,48 Possibly, infants with a longer time to full intestinal 
recovery might have had more intestinal inflammation and/or necrosis than infants who 
recovered relatively fast. We, however, demonstrated that intestinal oxygen saturation 
measurements during the first 48 hours after NEC onset or just before the first re-feed did not 
aid in predicting intestinal recovery rate. These findings suggest that the intestinal recovery 
rate after NEC onset is probably not associated with the severity of the affected intestines. 
Our sample size, however, might have been too small to detect significant associations. 
Therefore, the feasibility of intestinal oxygen saturation measurements during the first 48 
hours after NEC onset to predict intestinal recovery rate before the reintroduction of feeds 
needs further investigation in a larger prospective cohort. 

As direct measurements to assess intestinal recovery are lacking, we used the time to 
full enteral feeding as indirect measure for intestinal recovery. The infants who reached 
full enteral feeding after the first re-feed within two weeks had higher intestinal oxygen 
saturation values, and also a wider range of intestinal oxygen saturations, than infants 
who needed a longer time to full enteral feeding. The day before the first re-feed after 
NEC, however, both intestinal oxygen saturation values and its range were similar in both 
groups. From previous research it was supposed that reintroduction of enteral feeding 
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after a period of feeding withdrawal might result in a higher enterocyte turnover in a 
recovered intestine.46,58 We speculate that in case of a higher enterocyte turnover, this 
may be accompanied by a higher oxygen demand, resulting in a higher oxygen delivery 
as presented by a higher oxygen saturation. The lower oxygen saturation values after the 
first re-feed found in infants whose intestine supposedly is not yet fully recovered might 
be a result of an ongoing inflammation. Inflammation is associated with a higher metabolic 
demand and at with hyperemia at the beginning.42,59 As a result of mucosal injury due to the 
inflammation, however, this state is followed by diminished perfusion and hypoxia.59 We can 
only speculate that the first re-feed might induce some degree of intestinal damage when 
the intestine is not yet fully recovered, resulting in a lower intestinal oxygen saturation 
and its range. In the near future, it would be interesting to compare preprandial with 
postprandial intestinal oxygen saturation values from the first re-feed to further investigate 
whether enteral feeding after NPO elicits a different physiological intestinal response 
between infants whose intestine did and did not yet fully recover. 

Validity of near-infrared spectroscopy

Although near-infrared spectroscopy (NIRS) is increasingly used for neonatal monitoring 
and research purposes, discussion on the validity of this technique still continues.27,60-67 
Particularly the intestinal oxygen saturation measurements are under debate because 
of the intervariability and intravariability of these measurements and standard limits 
are not yet established.27,65,66 Additionally, it is unclear which part of the intestine is 
exactly being measured on account of changing gas–fluid surfaces, intraluminal fecal 
content, and intestinal peristalsis and gut movements.27,65-68 This makes it challenging to 
identify the border between variability due to changes in metabolism and due to other 
factors, such as peristalsis or placing the sensor over a hollow anatomic cavity.27,66 Even 
so, strong correlations between intestinal oxygen saturation measurements Doppler flow 
measurements of the SMA have previously been demonstrated, suggesting that intestinal 
oxygenation measurements are feasible as indicator of intestinal perfusion.18,66 Additionally, 
strong associations between low intestinal oxygen saturation and progression into severe 
NEC,42 and loss of variability has been demonstrated in infants who developed NEC.68,69 We 
now add that intestinal oxygen saturation measurements are associated with survival and 
intestinal recovery, with comparable cut-off points for good and poor outcomes in both 
studies (Chapter 3, Chapter 4), supporting that intestinal oxygen saturation measurements 
are at least in part indicative of intestinal perfusion. 

In comparison to Doppler flow measurements to assess intestinal perfusion, NIRS has 
the advantage of being a non-invasive technique, that can be used bed-side, and that 
provides continuous data quickly reproducible on the NIRS monitor without requiring 
complex calculations.27,60-66,68 NIRS should, however, be used as a trend monitor and 
conclusions should not be drawn solely on absolute values. Particularly for intestinal NIRS 
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measurements, we feel that accurate data processing is crucial for correct interpretation 
of the values. Leveling over longer periods of time (hours), taking feeding into account, and 
observing variability over the same period of time is probably all needed to validly measure 
intestinal oxygenation and health. This aspect of our research still needs further attention.

Markers for gut-integrity in relation to intestinal recovery from necrotizing enterocolitis

Additionally to an impaired intestinal perfusion, NEC is characterized by inflammation and 
intestinal damage of the epithelial layer of the mucosa.38,40,41 We evaluated two biomarkers 
based on the loss (urinary I-FABPs)45-49 and recovery (citrulline) of gut-integrity.50-52 I-FABPs 
are small cytosolic proteins, located mainly in the enterocytes of the small intestine.45-49 
I-FABPs are released into the blood stream at times of intestinal epithelial damage, and 
readily excreted by the kidneys.45-49 Therefore, we expected that urinary I-FABPs would 
decrease in case of intestinal recovery (Chapter 4). Citrulline is a non-protein amino-acid 
and is as metabolic intermediate derived from glutamine by the intestinal enterocytes.70 
Next, the small intestine releases the produced citrulline into the blood stream.70 As the 
small intestine is the main site for the production of citrulline, this non-protein amino acid 
may be used as biomarker for the functionality of the small intestines’ enterocyte mass.50-

52,70 As NEC results in a reduced enterocyte function, we hypothesized that the degree 
of reduced plasma citrulline levels could aid in identifying infants with NEC at risk for 
disease progression, and restoration of plasma citrulline levels as a result of restoration of 
enterocyte function, could aid in assessing intestinal recovery (Chapter 5).   

In Chapter 4, however, we did not find a difference in urinary I-FABPs between 
infants who recovered relatively fast and infants who needed a longer time to recover. 
Intestinal recovery involves migration of healthy enterocytes to the injured site, followed 
by proliferation of new cells from stem cells housed within the intestinal crypts, which 
together restore the mucosal barrier.37 We speculate that in case of a recovering intestine, 
I-FABPs increase after the first re-feeding by inducing an increased enterocyte turnover. 
In case of a not yet recovering intestine, the reintroduction of feeds might induce new 
epithelial damage, also resulting in increased I-FABPs after the first re-feed. This speculation 
is supported by a recent piglet model that demonstrated an increased enterocyte turnover 
after reintroduction of enteral feeding.58 Moreover, it has been reported that urinary I-FABPs 
increased after reintroduction enteral feeding compared with urinary I-FABPs measured 
just before the re-feed in NEC infants with a favorable outcome, while this increase was not 
seen in the NEC infants with a poor outcome.46 This means that urinary I-FABPs are unable 
to discriminate between those two groups. We did, however , demonstrate that infants 
who developed a post-NEC stricture had higher urinary I-FABPs after the first re-feed than 
infants who did not develop a post-NEC stricture or another post-NEC complication. The 
infants who develop a post-NEC stricture might have a higher enterocyte turnover from on-
going inflammation, which results in the development of the stricture. Due to this already 
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higher enterocyte turnover, the intestines of these infants might respond with an excessive 
enterocyte turnover in reaction to feeds.

In Chapter 5, we showed that plasma citrulline measured during the first 48 hours after 
NEC onset was not associated with the type of treatment (conservative or surgically), nor 
with survival.  Plasma citrulline measured just after NEC onset therefore does not seem 
to be useful to predict the risk for disease progression. A first explanation might be that 
enterocyte dysfunction was more or less similar between infants who did and did not require 
surgery for NEC, as well as between survivors and non-survivors. A second explanation might 
be that infants who were more severely ill might have had a less adequate kidney function, 
affecting plasma citrulline levels. As approximately more than 50% of the citrulline is 
absorbed by the kidneys and converted into Arginine,70,71 loss of kidney function increases 
plasma citrulline levels to relatively similar levels compared to infants with less severe 
NEC. Unfortunately, we did not assess kidney function in our study population. 

What we did demonstrate was that plasma citrulline levels gradually decreased after 
NEC onset. And then, in survivors, particularly those treated conservatively, that plasma 
citrulline levels were lower during the first 24 hours after NEC onset in infants whose 
intestine needed a longer recovery time than infants whose intestine recovered relatively 
fast. As discussed previously, the intestines of infants with a relatively fast recovery time 
might be less severely affected by inflammation and/or necrosis than infants with a longer 
intestinal recovery time. A less severely affected intestine may show a faster restoration of 
functional enterocyte mass, indicated by higher plasma citrulline levels. We furthermore 
demonstrated that plasma citrulline levels during the first 48 hours after NEC onset were not 
associated with time to full enteral feeding in the surgically treated infants. This suggests 
that restoration of enterocyte function might be different after surgical intervention than 
in case of conservative treatment. So far, the feasibility of plasma citrulline as marker 
for intestinal recovery has not been extensively investigated. A more prolonged course 
of disease requiring prolonged TPN, however, was reported to be associated with lower 
citrulline levels measured at NEC onset, supporting our findings.50  

Validity of intestinal-fatty acid binding protein and plasma citrulline

I-FABPs are increasingly used in scientific research to predict the development of NEC or 
disease progression into complicated NEC after NEC onset.47,48 Higher I-FABPs levels have 
been found in infants who developed NEC than in infants without NEC, with the highest 
levels in infants who developed complicated NEC.47,48 Recently, strong correlations were 
found between I-FABPs and intestinal oxygen saturation values.45 Approximately 24 hours 
after  NEC onset, I-FABPs rapidly decrease in infants who develop disease progression as 
well as in infants who recover.45 This might be explained as followed: In case of massive 
necrosis, the intestinal enterocytes may be so seriously damaged, that this hampers further 
expression of I-FABPs, while in case of intestinal recovery a restoration of enterocyte 
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function results in a decrease of I-FABPs expression.45 Therefore, the potential value of 
I-FABPs to predict disease progression, and possibly also survival, may exist particularly 
during the first 24 hours after NEC onset. In Chapter 4, we now add the potential of I-FABPs 
to identify infants with NEC at risk for the development of a post-NEC stricture. 

So far, research on plasma citrulline levels have focused on predicting the development 
of NEC.50-52 While several studies found lower plasma citrulline levels in infants who had 
NEC than in infants who did not develop NEC,50-52 others failed to identify plasma citrulline 
levels as a marker to predict which infants will develop NEC.72,73 Besides these conflicting 
results and that evidence regarding the usefulness of plasma citrulline to predict survival 
or intestinal recovery from NEC is lacking, the results presented in Chapter 5 suggest that 
plasma citrulline may have potential for individualizing feeding regimens for preterm infants 
with NEC in future. This, however, should be further investigated in larger prospective 
studies. 

Neurodevelopment after recovering from necrotizing enterocolitis

As more and more preterm infants who had NEC survive due to improved neonatal care, it 
has become evident that NEC survivors are at increased risk for poorer neurodevelopmental 
outcomes.74-83 Although previous research demonstrated that within this group of survivors 
undergoing surgical intervention the risk for a poorer neurodevelopment increases,77,78,82,83 
the etiology has not been extensively investigated. Therefore, we aimed to determine 
whether an impaired autoregulation during major surgery might be one of the underlying 
mechanisms explaining why this group of infants show poorer neurodevelopment than their 
peers. Additionally, we aimed to determine which other factors besides surgery might 
contribute to poorer neurodevelopmental outcomes in infants who developed NEC. 

Cerebrovascular autoregulation in preterm infants requiring surgery

Preterm infants are at risk for an impaired cerebrovascular autoregulation, particularly 
at times of severe illness including NEC.84-93 In case of an adequate cerebrovascular 
autoregulation, cerebral blood flow remains stable despite changes in cerebral perfusion 
pressure (Figure 4) .84-93 
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Figure 4. Neonatal cerebrovascular autoregulation

Because the cerebral perfusion pressure cannot be measured non-invasively, changes in 
mean arterial blood pressure are often used as surrogate for cerebral perfusion pressure 
.84-86,89,93 Maintaining cerebral blood flow stable is achieved by slow adaptations of the 
vascular tone, i.e. vasodilatation and vasoconstriction.84,88,94 These changes in vascular 
tone are represented by the smooth muscle cells located in the media layer of the blood 
vessel wall.84,88,94 As preterm infants might have less smooth muscle cells in the cerebral 
blood vessels, this might be one of the etiologic factors that preterm infants are at risk 
for impaired cerebrovascular autoregulation.84,94 Additionally, the autoregulatory capacity 
seems to be only functional within a certain range of cerebral perfusion pressure.84,86.88,91 
This range is dependent on multiple factors, such as gestational age and postnatal age, but 
also factors that influence the internal environment, including administered medication, 
presence of hypothermia, blood glucose levels, and carbon dioxide levels.84,85,89,93,95,96 If 
the cerebrovascular autoregulation is impaired, cerebral blood flow will passively vary 
with cerebral perfusion pressure, and harmful fluctuations of the cerebral perfusion 
might occur.91,92 In that case, both hypotension and hypertension may cause neuronal 
injury.84,86,87,90.91 In case of the former there is a risk of cerebral ischemia, while in case of the 
latter (including fluctuations between both) there is a risk of cerebral hemorrhage.84,86,87,90,92 
An impaired cerebrovascular autoregulation has therefore been significantly associated with 
the development of intraventricular hemorrhage and periventricular leukomalacia.84,90,91,93 
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We demonstrated in Chapter 6 that infants who underwent major surgery, i.e. laparotomy, 
for severe NEC but also for a spontaneous intestinal perforation, show evidence of impaired 
cerebrovascular autoregulation, while they supposedly had adequate cerebrovascular 
autoregulation just before surgery (Figure 1). This suggest that indeed the loss of 
cerebrovascular autoregulation might be one of the etiological factors causing a poorer 
neurodevelopmental outcome in this group of infants. Based on our study it remains difficult 
to conclude which factors during surgery resulted in an impaired CAR, due to the multiple 
surgical and anesthetical interventions, often occurring simultaneously. In Chapter 6 we 
demonstrated that particularly factors resulting in vasodilatory effects might be of added 
risk for impaired cerebrovascular autoregulation. Higher partial carbon dioxide levels 
and possibly a higher dose of sevoflurane were both associated with an increased risk of 
impaired cerebrovascular autoregulation. The vasodilatory effects of these two factors on 
the small cerebral vessels might reduce the reactivity of the cerebral vessels and therefore 
increase the risk for an impaired cerebrovascular autoregulation.95,96,97 Based on these 
findings, the loss of cerebrovascular autoregulation might be rather caused by anesthetical 
procedures than the surgical intervention itself, but this should be further investigated. 
Close monitoring of the blood pressure to minimize fluctuations may be important to 
improve neurodevelopmental outcomes of this group of infants in the future. In addition, it 
may be essential to monitor the cerebral oxygen saturation during surgery, but also before 
and after the intervention.  

Methods to assess cerebrovascular autoregulation

We assessed the presence or absence of cerebrovascular autoregulation by calculating the 
correlation coefficient between cerebral oxygen extraction measurements and mean arterial 
blood pressure values over a longer period of time. In case of a positive correlation or a low 
negative correlation (rho > -0.3) or a statistically insignificant correlation, cerebrovascular 
autoregulation is supposedly present. In case of a rather strong and statistically significant 
negative correlation (≤ -0.30) it is absent. This is a rather crude way of assessing 
cerebrovascular autoregulation. It was suggested that cerebrovascular autoregulation is a 
dynamic process, which fluctuates over time.84,85,90 Our method to assess cerebrovascular 
autoregulation provides information on whether the autoregulation was adequate or not, 
but could not provide information on the exact moments when the autoregulation was 
present and when lost in the individual infant. It would be interesting to further investigate 
the course of cerebrovascular autoregulation in preterm infants undergoing major surgery 
using more detailed dynamic assessments, such as moving window correlations or transfer 
functions.84,93 The optimal method for assessing cerebrovascular autoregulation, however, 
is still under debate.84,93 
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The relation between intestinal recovery after necrotizing enterocolitis and 

neurodevelopment

Necrotizing enterocolitis often develops during the third trimester of gestation.38,98 During 
the third trimester, the brain undergoes a rapid trajectory of growth and differentiation.99-103 
From 25 to 37 weeks of gestation the total brain volumes increases with approximately 
230%.100,101 The greatest increase in volume is observed in the cerebellum, which volume 
increases almost four-fold.99,100 As a result, the brain of preterm born children is very 
vulnerable to disturbances, such as severe illness or malnutrition.100-105 It has been reported 
that the brain volume of preterm infants is reduced compared with healthy fetuses, 
and that growth trajectories were slower in the cerebrum, cerebellum, brain stem, and 
intracranial cavity.99 Decreased brain volume at term-equivalent age is related to white 
matter injury and decreased deep nuclear grey matter volume.100,106 Inflammation, for 
instance as a result of NEC, is associated with an arrest in oligodendrocyte maturation, 
followed by myelination failure of neural axons.99,100 This in turn results in a reduced neuronal 
connectivity and brain volume, two important characteristics of the brain necessary for an 
adequate neurodevelopment.99 Additionally, the upregulation of cytokines and other pro-
inflammatory mediators during the inflammatory response is associated with an increased 
risk for the development of intraventricular hemorrhage and white matter injury.79,100 In 
pups, the severity of NEC is associated with the severity of neuroinflammation, resulting in 
severe changes in brain morphology, and a pro-inflammatory response in the brain altering 
cell homeostasis and density of brain cell populations in specific cerebral regions.107,108 

Our aim was to determine whether a longer time for the intestines to fully recover after 
NEC and being able to tolerate full enteral feeding again might be another etiologic factor 
that poses a risk for a poorer neurodevelopment. In Chapter 7 we present an independent 
association between the time to full enteral feeding after NEC onset and cognitive and 
motor developmental outcomes (Figure 1 and Figure 3). These associations were regardless 
any difference in overall severity of illness or NEC requiring surgical intervention. Our 
findings support that adequate nutrition is prerequisite for brain development, and 
that total parenteral nutrition does not seem to be equally efficient as enteral feeding 
to maintain adequate nutrition. Enteral nutrition during early life after preterm birth is 
reported to be the most significant contributor to brain development.105 Malnutrition during 
a vulnerable period of brain development has been associated with a reduction in brain 
cells and neurogenesis, abnormal cell migration and differentiation, myelination failure, 
lower number of synapses, and glial cell dysfunction.100,102

We also found that the association between lower motor scores and a longer duration 
until full enteral feeding was reached was predominantly based on the gross motor 
domain, and not the fine motor domain. As reported in Chapter 7, this may be explained 
by the difference in timing of fine and gross motor development after birth. Gross motor 
development starts directly after birth as the all-round support from the amniotic fluid is 
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missing and the child is suddenly exposed to the gravity forces requiring postural control 
to maintain body position.109 Fine motor development, however, is firstly observed around 
10 to 12 weeks postmenstrual age.109 NEC occurs much earlier, often during the first two to 
three weeks after birth.38,98 A longer duration until full enteral feeding was reached after 
NEC onset may therefore predominantly affect gross motor development and less so fine 
motor development. 

Although a rapid reintroduction of enteral feeding after NEC onset is not always 
achievable, these results show the importance of being aware of the effect of withdrawing 
enteral feeding too long, and that efforts should be made to limit the duration of nil per 
mouth if and when possible. Based on our findings presented in Chapter 4, intestinal oxygen 
saturation measurements may aid in deciding whether an infant’s intestine is recovered to 
optimize the timing of reintroduction of enteral feeding after the development of NEC.

Ethical considerations

Scientific research including preterm infants is challenging for several reasons. First, 
it includes a very vulnerable population. Second, the parents and not the infants itself 
have to give permission to participate in research. Although it is challenging, this thesis 
demonstrated the importance of research regarding this group of infants to improve 
neonatal care in the future. 

For the purpose of our research we included preterm infants who, in addition to 
being preterm, were severely ill. In Chapter 3 we presented the added value of intestinal 
oxygen saturation measurements using near-infrared spectroscopy to estimate the chance 
of surviving surgery for severe NEC. With our results we aimed to aid clinicians in deciding 
whether an infant with severe NEC will benefit from surgical intervention or will die despite 
this intervention. Most of the current research in neonatal care focuses on improving 
neonatal outcomes. In Chapter 3, we did not only focus on improving neonatal care by 
improving neonatal outcomes, but also by “do no harm” (primum non nocere, oath of 
Hippocrates).110-112 We are, however, aware that considering whether an intervention is in 
the best interest of the infant or not is a medical approach within the Netherlands, but 
this approach does certainly differ between and within countries. The value of predictive 
tools like the ones we suggest should therefore be interpreted within the clinical and social 
context of the preterm infant with NEC.

In Chapter 4 we carried out a study that included a deferred consent procedure.113 At 
the moment that a preterm infant develops NEC it is not only the infant that is vulnerable, 
but also the parents due to the uncertainty whether their infant will survive. Although 
study measurements were started before informed consent, we believed that in this 
emergency situation parents needed to be counseled about their infants’ condition before 
being confronted by a researcher. During the period of deferred consent and after informed 
consent, the wellbeing of the infants were discussed daily with the caring nurse and 
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neonatologist and study measurements were interrupted when necessary.   
In this thesis we aimed to focus on clinically relevant outcomes, such as survival, 

intestinal recovery, and neurodevelopmental outcome. What we as researchers and clinicians 
define as relevant, however, might differ from what is a relevant outcome for the infants’ 
parents. For example, a happy and healthy infant with a low score (-2SD) on the Bayley-III, 
or hemiplegia, who has little functional impairments in daily life might be categorized as 
delayed or impaired by researchers/clinicians, whereas the parents do not.114 In contrast, 
an infant with continuous feeding problems or with serious behavioral problems, might be 
defined as rather impaired by the parents, while categorized by reserachers /clinicians as 
mildly impaired.114 Recently, a core outcome set to define clinically relevant outcomes for 
research purposes was designed based on the combined opinion of patients and parents, 
nurses and doctors, and researchers.115 Twelve outcomes were identified as core outcomes 
for all future trials involving infants receiving care on a neonatal unit.115 These outcomes 
included NEC, survival, gross motor ability, and cognitive ability,115 in accordance with the 
outcomes addressed in this thesis. A researcher in the field of neonatology should not only 
include the awareness of the vulnerable study population, but also understand the needs 
of the parents involved. 

Future perspectives
All results that we discussed in this thesis were based on several studies that were carried 
out at our neonatal intensive care unit. We have to acknowledge that the various studies 
consisted of small sample sizes and that the results of this thesis should be confirmed in 
larger prospective trials before implementation, particularly to address the value of the 
described biomarkers to predict survival and/or intestinal recovery after onset of NEC. We 
tried to gain more insight in the possible relation between the effect of enteral feeding 
on intestinal perfusion and the development of NEC. Further research should focus on the 
relation between different types of feeding and changes in intestinal metabolism, but also 
whether a mismatch in oxygen demand and delivery indeed results in intestinal hypoxia 
increasing the risk for the development of NEC. 

In this thesis we assessed the time to reach full enteral feeding as indicator for 
intestinal recovery as direct non-invasive methods are lacking. As a result, we were able 
to discuss the potential of the biomarkers to predict intestinal recover after reaching 
this endpoint. To our knowledge, this thesis is the first to address survival and intestinal 
recovery after NEC aimed to improve and individualize NEC treatment and care. Next, it 
would be very interesting to conduct a study in which the degree of intestinal recovery can 
be assessed before reintroduction of enteral feeds. Additionally, as we found that intestinal 
oxygen saturation values after the first re-feed were associated with intestinal recovery 
rate, it would also be interesting to further investigate the effect of the first re-feed on 
postprandial intestinal oxygen saturation and its relation to intestinal recovery rate. As it 



542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik
Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020 PDF page: 176PDF page: 176PDF page: 176PDF page: 176

176

Chapter 8

seems that the intestinal severity of illness is more determinative than the overall severity 
of illness, research in the near future could focus on designing a validated prediction 
model by combining clinical assessments and biomarkers regarding the intestinal severity 
of illness to predict survival and intestinal recovery. As in case of NEC intestinal perfusion 
is affected and intestinal hypoxia induces further intestinal damage, markers associated 
with disruption of the intestinal wall, markers for intestinal inflammation, or markers for 
regulating vascular resistance might further contribute to the prediction of survival and 
intestinal recovery after NEC.

As we demonstrated that preterm infants undergoing laparotomy show evidence of 
an impaired cerebrovascular autoregulation during the intervention, this might pose an 
extra risk of brain injury. The exact mechanisms responsible for impaired cerebrovascular 
autoregulation in preterm infants during surgery, and the relationship between impaired 
cerebrovascular autoregulation and brain injury, requires further investigation. 
Furthermore, it would be important to further evaluate the association of the duration of 
a nil per mouth regimen and neurodevelopmental outcomes in infants who developed NEC. 
As preterm infants have to deal with many different stressors that also might influence 
neurodevelopment, addressing this issue in larger cohorts would present the opportunity to 
further explore the association between the duration of NPO and neurodevelopment when 
corrected for potential confounders. Current feeding regimens are still consensus-based and 
not specifically different between Bell’s stages. The time has come to address re-feeding 
after NEC following an individual approach, dependent on the clinical condition of the 
infant and based on evidence-based biomarkers such as studied in this thesis. Such feeding 
regimens may in future both fit the individual needs and improve neurodevelopmental 
outcomes. 
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CONCLUSIONS

The main finding of this thesis is the potential value of  intestinal oxygen saturation, 
urinary intestinal-fatty acid binding proteins, and plasma citrulline to aid in estimating 
the chances of survival from severe NEC and intestinal recovery after NEC onset. Based 
on the different chapters presented in this thesis, particularly intestinal oxygen saturation 
seems to be of potential value, as this  indicated that intestinal perfusion seems to be 
important in both the development of NEC and the recovery from NEC. This thesis provided 
more insight in the pathophysiology of NEC. We showed that preterm infants might not 
yet be able to increase intestinal oxygen delivery at younger corrected gestational ages 
to meet an increased metabolic demand after enteral bolus feeding. A mismatch between 
an increased oxygen demand and oxygen availability might be one of the contributing 
factors to an increased risk for the development of NEC. This thesis also provided more 
insight in potential etiological factors that may affect neurodevelopment in this group of 
infants. From our thesis we can conclude that one of these factors may be an impaired 
cerebrovascular autoregulation during surgical intervention. Therefore, it may be essential 
to monitor the cerebral oxygen saturation during surgery, but also before and after the 
intervention. In addition we demonstrated that intestinal oxygen saturation measurements 
aid in estimating the chances of surviving surgery and that intestinal oxygen saturation 
measurements, urinary I-FABP levels, and plasma citrulline levels aid in predicting intestinal 
recovery after NEC. After validation in larger prospective cohort studies, our findings may 
support clinicians in improving NEC treatment and care by 1) Being able to better estimate 
whether an infant with severe NEC would benefit from surgical intervention 2) Being able 
to better counsel parents about their infants’ condition and chances of surviving NEC  3) 
Being able to better adjust feeding regimens to the individual intestinal recovery rate. It is 
important to distinguish infants whose intestine is fully recovered from infants who need a 
more careful reintroduction of enteral feeding for two reasons. First, we also can conclude 
from this thesis that the duration between the initiation of a nil per mouth regimen and 
reaching full enteral feeding again seems to be associated with neurodevelopmental 
outcome. Therefore, it is important to reintroduce enteral feeding as soon as the intestine 
is recovered. Second, identifying infants who need a more careful reintroduction of enteral 
feeding might prevent the development of complications such as recurrent NEC. Intestinal 
oxygen saturation measurements may aid clinicians in this decision process. 
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Chapter 9

ENGLISH SUMMARY

Worldwide, 5-13 % of all children are born preterm which is defined as a gestational age 
below 37 weeks. One of the deadliest diseases among preterm born infants is necrotizing 
enterocolitis (NEC). This disease is characterized by severe inflammation of the immature 
intestine. Improved neonatal care resulted in active treatments at lower limits of 
gestational ages and higher survival rates, but the incidence of NEC has only increased. The 
risk of developing NEC increases with youger gestational ages and lower birth weights. The 
first signs of NEC are often non-specific and include abdominal distension and tenderness, 
signs of feeding intolerance, bloody stools, declines in the respiratory rate and heart 
rate, an increased need for respiratory support, and an instable temperature. After these 
first signs NEC can progress into a fulminant condition with intestinal necrosis and/or an 
intestinal perforation whithin several hours to days. This condition is often associated with 
systemic circulatory failure. Up to 50% of the infants who develop NEC do not survive this 
disease. Additionally, among survivors, a significant amount of infants develop intestinal 
complications after NEC or show a delay in cognitive and/or motor development later on. 
Due to the high mortality and morbidity rates among preterm infants who develop NEC, 
this disease has become the number one priority of scientific reasearch in the field of 
neonatology.

The pathofysiology of NEC is multifactorial and therefore very complex. Altough enteral 
feeding is very important for gut function, growth, and neurodevelopment, introducing 
enteral feeding to an immature intestine has also been associated with the development of 
NEC. Another suggested pathofysiologic factor may be a decreased intestinal blood flow as 
a result of intestinal immaturity. A decreased intestinal blood flow might result in ischemic 
intestinal damage and intestinal inflammation which in turn results in epithelial damage. An 
indirect way to assess intestinal blood flow is by measuring the intestinal oxygen saturation 
using near-infrared spectroscopy (NIRS) as we did in the studies of this thesis with the 
INVOSTM 5100C device. Additionally to the intestinal oxygen saturation measurements, we 
also focused on two biomarkers associated with intestinal integrity, i.e. intestinal-fatty 
acid binding protein (I-FABP) and plasma citrulline. I-FABP is a protein that will be released 
in the systemic circulation by the intestinal epithelial cells at times of intestinal damage, 
for example caused by NEC. Next, I-FABP is excreted by the kidneys. Therefore, I-FABP is 
detectable in blood and in the urine. Citrulline is an amino-acid that is released into the 
systemic circulation by intestinal enterocytes during the conversion of glutamine. In case of 
intestinal damage, enterocyte function is often decreased resulting in a decreased level of 
circulating plasma citrulline. When the intestine recovers and enterocyte function increases 
again, plasma citrulline levels also increase, as seen in other intestinal inflammatory 
diseases.     
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For research purposes, measuring intestinal oxygen saturation and levels of I-FABP and plasma 
citrulline is used to identify which preterm infants are at high risk for the development 
of NEC or to predict which infants having NEC are at increased risk for progression into 
a fulminant disease. In this thesis, we determined whether intestinal oxygen saturation 
measurements, the level of I-FABP in the urine, and the level of plasma citrulline have 
the potential to estimate the chances at suvival and intestinal recovery after NEC onset in 
preterm infants. This might help to improve NEC treatment and care in the future for this 
specific group of infants.  

To better understand the various research questions regarding the development of NEC 
and intestinal recovery after NEC onset, we first tried to gain more insight in the relation 
between the blood flow of the immature intestine, enteral feeding, and development of 
NEC. In Chapter 2 we assessed the effect of enteral bolus feeding on the intestinal oxygen 
saturation measured with NIRS in a group of 29 preterm infants with a gestational age of 
median 28 weeks and birth weigth of median 1025 grams. Out of the 29 infants, three 
infants developed NEC. For this study, we measured the intestinal oxygen saturation during 
two hours on several days during the first five weeks after birth. Next, we calculated mean 
intestinal oxygen saturation values of these two hour periods for every day. In this study, 
we demonstrated that the intestinal oxygen saturation does not increase after enteral 
bolus feeding during the first four weeks after birth. Only from the fifth week onwards 
we observed an increased intestinal oxygen saturation after enteral feeding. We also 
showed that, additionally to postnatal age, an increased intestinal oxygen saturation after 
feeding depended on both postmenstrual age and feeding volumes. Preterm infants with 
a gestational age below 32 weeks did not show an increased intestinal oxygen saturation 
after enteral feeding, while infants with a gestational age of 32 weeks and older did show 
an increased intestinal oxygen saturation after feeding, independend of their postnatal 
age. Based on these findings, we speculate that the intestines of preterm infants with 
younger gestational ages and/or postmentrual ages possibly are not yet able to increase 
their intestinal oxygen saturation, while this might be essential to respond to an increased 
metabolic oxygen demand. Whether this supposed mismatch between oxygen delivery and 
metabolic oxygen demand is associated with an increased risk for the development of NEC 
should be further investigated in a larger prospective cohort.  

Despite an increased incidence in the development of NEC throughout the past years, 
research aimed to improve NEC treatment is limited. Therefore, in part II of this thesis, we 
evaluated whether several biomakers have the potential to estimate the chance of survival 
and are able to predict the intestinal recovery rate after NEC onset in a group of preterm 
infants. In Chapter 3 we assesed whether preoperative intestinal and cerebral oxygen 
saturation measurements were of added value in estimating which infants with severe NEC 
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would survive a surgical intervention and which infants would die despite surgery. For this 
purpose, we included 22 preterm infants with a gestational age of median 27 weeks and 
birth weight of median 1088 grams who underwent surgery because of NEC. We measured 
the intestinal and cerebal oxygen saturation during two hours at 0-24 hours before surgery 
and calculated means. We demonstrated that the preoperative intestinal oxygen saturation 
was higher in infants who survived surgery and lower in infants who did not survive despite 
surgery. In our population, all infants with an intestinal oxygen saturation preoperatively 
above 53% survived and all infants with an intestinal oxygen saturation preoperatively 
below 35% died. Preoperative cerebral oxygen saturation values did not differ between 
infants who survived and infants who died despite surgical intervention. From a wide 
variety of conventional clinical variables, we observed a higher CRP, a lower lactate, and a 
lower fractional inspired oxygen (FiO2) in the group of infants who survived compared with 
non-survivors. In several multiple regression models, only the intestinal oxygen saturation 
remained significant in the model as estimator for survival, while all conventional clinical 
variables did not. With this study we showed that preoperative intestinal oxygen saturation 
measurements are of added value to estimate the chances of survival of preterm infants 
requiring surgical intervention because of NEC. Measuring the intestinal oxygen saturation 
therefore might help clinicians to better inform the parents about their infants’ condition 
and the expected outcome to improve the shared decicion making process aimed to decide 
what is in the best interest of the infant.

In Chapter 4 we described a prospective observational cohort study aimed to assess whether 
the intestinal oxygen saturation and its range (min-max), and urinary I-FABP, could help to 
predict intestinal recovery after NEC onset. We included a group of 27 preterm infants 
who survived after NEC with a gestational age of median 28 weeks and a birth weight of 
median 1120 grams. For this study, we measured the intestinal oxygen saturation during 
two hours daily from NEC onset until intestinal recovery, calculated means, and collected 
urine samples daily to determine the level of IFABPs during this same period. So far, a 
golden standard to measure intestinal recovery is missing. A commonly used method to 
asses intestinal recovery indirectly is to determine the time to full enteral feeding after 
temporarily whithdrawing enteral feeds because of NEC. In case of fast intestinal recovery, 
reintroduction of enteral feeding can often be done relatively fast. In case of longer intestinal 
recovery, a fast reintroduction of enteral feeding may be difficult and result in delay of daily 
increasements and a longer time to full enteral feeding. In our study, the median time to 
full enteral feeding after the first re-feeding after NEC onset was 14 days. In addition to the 
time to full enteral feedig we also focused on the development of post-NEC complications, 
such as recurrent NEC and the development of a post-NEC stricture (narrowing of a part 
of the intestine). We did not find differences in intestinal oxygen saturation, its range 
(min-max), and urinary I-FABP levels during the first 48 hours after NEC and before the 
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first re-feeding after NEC onset between infants who reached full enteral feeding whithin 
14 days and infants who needed a longer time to full enteral feeding. We also did not find 
differences for these three measurements at all moments between infants who developed 
post-NEC complications and infants who did not. We, however, did find differences between 
groups the first NIRS measurement whithin 24 hours after the first re-feed after NEC onset. 
The intestinal oxygen saturation was higher and its range larger in infants who had a time to 
full enteral feeding whithin 14 days compared with infants who needed a longer time to full 
enteral feeding. When the intestinal oxygen saturation was above the 53% combined with 
a range of 50% the chance to reach full enteral feeding whithin 14 days increased around 
16 times. This suggests that intestinal recovery after NEC is associated with recovery of 
the intestinal blood flow and that the absolute value of intestinal oxygenation as well 
as its variability (range) both play an important role in intestal recovery. Furthermore, 
we found that I-FABP levels in the urine were higher 0-24 hours after the first re-feed in 
infants who developed a post-NEC stricture compared with infants who did not. Possibly, 
the infants who develop post-NEC strictures have a certain degree of ongoing intestinal 
inflammation resulting in a higher enterocyte turnover. Reintroduction of enteral feeding 
might then induce an excessive enterocyte turnover, resulting in higher levels of I-FABP 
release. The findings of this study suggest that the intestinal oxygen saturation and urinary 
I-FABP may contribute in predicting intestinal recovery, and so thus help to individualize 
feeding regimens for preterm infants with NEC. 

In Chapter 5 we evaluated the course of the biomarker plasma citrulline during the first 48 
hours after NEC onset in preterm infants. We also determined whether plasma citrulline 
levels were associated with the type of treatment, survival, and intestinal recovery 0-24 
hours and 24-48 hours after NEC onset. Again, we used the median time to full enteral 
feeding to assess intestinal recovery. For this study we included 48 preterm infants who 
developed NEC from two other prospective cohorts. These infants had a gestational age 
of median 28 weeks and a birth weight of median 1200 grams. In this study, time between 
whithdrawal of enteral feeding and time to full enteral feeding was median 20 days. Blood 
samples were only collected when blood was drawn for clinical purposes. We showed that 
during the first 48 hours after NEC onset plasma citrulline levels decreased. This suggests 
that during the first 48 hours after NEC onset further intestinal damage associated with 
decreased functional enterocytes occurs and that intestinal recovery will be initiated 
somewehere during the hours and/or days thereafter. Plasma citrulline levels did not differ 
between conservatively and surgically treated infants, nor between survivors and non-
survivors, 0-24 and 24-48 hours after NEC onset. Plasma citrulline levels, however, were 
higher 0-24 hours after NEC onset in infants who reached full enteral feeding whithin 20 
days than in infants who needed a longer time to full enteral feeding. Measuring plasma 
citrulline levels during the first 24 hours after NEC onset may provide indications for the 
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time it takes for the intestine to recover from NEC. Whether measuring plasma citrulline 
levels will also help to determine the optimal timing for the reintroduction of enteral 
feeding after NEC should be further investigated. 

Preterm infants who developed NEC early in life are at increased risk for a poor 
neurodevelopmental outcome later in life. Infants who underwent surgery because 
of NEC are at even greater risk for a poor neurdevelopmental outcome compared with 
infants who were treated conservatively. In part III of this thesis we focused on possible 
underlying mechanisms that may be associated with poorer neurodevelopment later on 
after development of NEC. A possible contributing mechanism causing cerebral damage 
in preterm infants is the lack of an adequate cerebrovascular autoregulation. When 
cerebrovascular autoregulation is adequate, the cerebral blood flow remains stable 
during fluctuations of the cerebral perfusion pressue (whithin a certain range). When the 
cerebrovascular autoregulation is impaired or absent, the cerebral blood flow will passively 
vary with changes in the cerebral perfusion pressure. This may result in harmful fluctuations 
of cerebral blood flow causing neuronal injury. In case of hypotension, cerebral ischemia 
may occur, while in case of hypertension the risk of cerebral hemorrhage is increased. As at 
present non-invasive ways to assess cerebral perfusion pressure lack, the relation between 
the mean arterial blood pressure and the cerebral blood flow is commonly used to assess 
cerebrovascular autoregulation. The range wherein the cerebrovascular autoregulation is 
adequate is influenced by several internal and external factors. In Chapter 6 we evaluated 
whether surgery and/or anesthesia might be an external factor that increases the risk of 
an impaired cerebrovascular autoregulation in preterm infants requiring surgery because 
of NEC or a spontaneous intestinal perforation (SIP). For this study we included 19 preterm 
infants with a gestational age of median 28 weeks and a birth weight of median 1090 grams. 
Fourteen infants underwent a laparotomy because of NEC and five infants because of SIP. We 
measured, and correlated, the cerebral oxygen saturation, as indirect measure for cerebal 
blood flow, the transcutaneous arterial saturation, and the mean arterial blood pressure at 
three moments; 24-0 hours before surgery, during surgery, and 0-24 hours after surgery. We 
found that the cerebrovascular autoregulation was more often impaired than before and 
after surgery. More than half of the infants (67%) who had an adequate cerebrovascular 
autoregulation before surgery showed signs of an impaired cerebrovascular autoregulation 
during surgery. Furthermore, we observed that an impaired cerebrovascular autoregulation 
during surgery was associated with higher pCO2 values. Our results suggest that the increased 
risk of a poor neurodevelopment of preterm infants who had NEC and underwent surgery 
might be explained, at least partly, by the loss of cerebrovascular autoregulation during 
this intervention. The exact relation between the loss of cerebrovascular autoregulation, 
which surgical and/or anesthetical factors might be contributing, and its relation with 
cerebal damage, needs to be further investigated. Monitoring the relation between the 
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cerebral oxygen saturation and mean arterial blood pressure during surgery seems desirable 
to prevent major changes in cerebral blood flow. 

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. The 
brain of preterm-born children is therefore very vulnerable to disturbances, for example 
an inflammatory disease such as NEC that develops during this period. These disturbances 
might lead to deficits in brain maturation affecting neurodevelopment. One of the main 
factors prerequisite for appropriate brain maturation to support the trajectory of rapid 
growth and differentiation is adequate nutrition. Preterm-born children who develop 
NEC, however, need to be treated with withdrawal of enteral feeds and they will be fed 
temporarily by total parenteral nutrition (TPN). This is possibly less effective than enteral 
feeding to maintain an adequate nutritional state. In addition, whithdrawing enteral feeds 
may induce villous athrophy and prolonged TPN may cause liver failure. In  Chapter 7 we 
determined whether the time it takes to be fully enterally fed again after whithdrawal of 
enteral feeding for NEC is associated with neurodevelopment at 2-3 years of age corrected 
for prematurity. We included 44 children who were born preterm and developed NEC early 
in life and assessed their cognitive and motor development using the Bayley Scales of Infant 
and Toddler Development, third edition. Furthermore, the parents filled in a Child Behavior 
Checklist questionaire to assess behavioral outcomes. Median age of the study population 
at follow-up was 26 months, corrected for prematurity. We demonstrated that a longer 
time to full enteral feeding after whithdrawal of feeds because of NEC was associated with 
lower cognitive scores and lower motor scores. These findings were independent of the 
severity of illness. The time to full enteral feeding was not associated with behavior. The 
development of a post-NEC complication, such as recurrent NEC or a post-NEC stricture was 
not associated with cognitive scores or motor scores, nor with behavior. The results of this 
study suggest that it is important to minimize the duration of withdrawal of enteral feeds 
after NEC onset if possible and to reintroduce enteral feeding as soon as the intestine is 
recovered to improve neurodevelopmental outcome in this group of infants. 

Before the findings presented in this thesis can be implemented in the treatment of preterm 
infants with NEC our results should be validated in various larger cohorts with a prospective 
study design. In the first part of this thesis we demonstrated that preterm infants did not 
increase the intestinal oxygen saturation after enteral bolus feeding during the first four 
weeks after birth. We also showed that an increased intestinal oxygen saturation after 
enteral feeding depends on the postmenstrual age and feeding volumes. The extent to 
which a mismatch after feeding is present between intestinal oxygen supply and demand 
during the first four weeks after birth should be further investigated. In the second part of 
this thesis we demonstrated that preoperative intestinal oxygen saturation measurements 
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are of added value in estimating whether an infant with severe NEC requiring surgery would 
survive this intervention. This could help clinicians in estimating whether an infant with 
NEC would benefit from surgical intervention and to better inform parents about their 
infants’ condition aimed to improve the shared decision process. We also showed that 
intestinal oxygen saturation measurements and the level of urinary I-FABP after the first 
re-feed after whithdrawal of enteral feeding because of NEC contribute to the prediction 
of intestinal recovery. Measuring these biomarkers after NEC onset may aid clinici in future 
to individualize the feeding regimens for preterm infants after NEC, and so improve care. 
A first next step would be to investigate whether it is possible to predict the exact moment 
that the intestine is recovered to determine the optimal timing for reintroduction of 
enteral feeding. In the last part of this thesis we demonstrated that preterm infants who 
underwent surgery because of NEC are at increased risk for an impaired cerebrovascular 
autoregulation. This may be an additional risk factor for a poor neurodevelopmental outcome 
later in life in this group of infants. Therefore, it is important to monitor the cerebral 
oxygen saturation and mean arterial bloodpressure perioperatively. It is also important to 
investigate what exact mechanism causes loss of cerebrovacular autoregulation during a 
major surgical intervention. In this way, perioperative monitoring in preterm infants may 
improve. In this part of the thesis we also showed that a longer time to full enteral feeding 
after NEC onset was associated with lower cognitive scores and lower motor scores at the 
corrected age of 2-3 years old. This suggests that it is important to reintroduce enteral 
feeding after NEC onset as soon as possible. Measuring intestinal oxygen saturation after 
NEC onset might contribute to determine the optimal moment of reintroduction of enteral 
feeding. As preterm infants admitted to a neonatal intensive care unit are challenged by 
multiple disturbing factors that might negatively influence neurodevelopment later in life it 
is important to investigate the possible association between the time to full enteral feeding 
after NEC onset and neurodevelopmental outcome in a larger prospective cohort, including 
the correction for several potentially confounding factors.  



542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik
Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020 PDF page: 195PDF page: 195PDF page: 195PDF page: 195

195

Nederlandse Samenvatting

9

NEDERLANDSE SAMENVATTING

Wereldwijd wordt 5-13% van alle kinderen prematuur geboren met een zwangerschapsduur 
onder de 37 weken. Een van de meest dodelijke aandoeningen bij prematuur geboren 
kinderen is necrotiserende enterocolitis (NEC). Karakteristiek voor deze aandoening is een 
ernstige ontstekingsreactie (inflammatie) van de nog onrijpe darm. Doordat de afgelopen 
jaren de neonatale zorg sterk is verbeterd en steeds ‘jongere’ kinderen op de neonatale 
intensive care opnemen en actief behandelen is de incidentie van NEC toegenomen. Hoe 
korter de zwangerschapsduur en hoe lager het geboortegewicht van het kind, hoe groter 
het risico is op de ontwikkeling van NEC. De eerste signalen van NEC zijn vaak aspecifiek, 
zoals een opgezette buik, tekenen van voedingsintolerantie, bloederige ontlasting, het 
vaker optreden van dalingen in de ademhaling en hartslag, een toenemende behoefte van 
ademhalingsondersteuning, en een instabiele temperatuur. Na deze eerste signalen kan NEC 
zeer fulminant en progressief verlopen waarbij er in enkele uren een levensbedreigende 
conditie ontstaat met  necrose van de darm en/of een darmperforatie. Vaak is er dan 
ook sprake van een circulatoire insufficiëntie. Ongeveer de helft van de kinderen die een 
fulminante NEC heeft ontwikkeld overlijdt. Een aanzienlijk aantal van de kinderen die 
NEC overleven, ontwikkelt vervolgens complicaties van de darm of laat op latere leeftijd 
een achterstand zien in de cognitieve en/of motorische ontwikkeling. Vanwege de hoge 
mortaliteit en morbiditeit bij prematuur geboren kinderen met NEC is deze aandoening één 
van de belangrijkste onderzoeksgebieden binnen de neonatologie. 

De pathofysiologie van NEC is multifactorieel en daardoor zeer complex. Ondanks dat 
enterale voeding belangrijk is voor groei en ontwikkeling van het kind en het stimuleren 
van de verdere rijping van de darm, wordt de introductie van enterale voeding aan een 
onrijpe darm ook geassocieerd met de ontwikkeling van NEC. Een andere vermoedelijke 
pathofysiologische factor is een verminderde doorbloeding van de darm door onrijpheid 
van de darm. Een verminderde darmdoorbloeding kan vervolgens resulteren in ischemische 
schade en een ontstekingsreactie van de darm waarbij het darmepitheel beschadigt. Een 
manier om de doorbloeding van de darm te bepalen, zij het indirect, is door het meten van 
de zuurstof saturatie van de darm met behulp van near-infrared spectroscopy (NIRS). In de 
studies in dit proefschrift hebben we gebruik gemaakt van NIRS metingen met de INVOSTM 
5100C monitor. Naast het meten van de zuurstof saturatie van de darm hebben we ons in dit 
proefschrift gericht op twee andere biomarkers die geassocieerd zijn met darmintegriteit, 
nl. ‘intestinal-fatty acid binding protein’ (I-FABP) in urine en citrulline in het plasma van 
bloed. I-FABP wordt door epitheel cellen van de darm uitgescheiden in het bloed ten tijde 
van actieve darmschade dat bijvoorbeeld wordt veroorzaakt door NEC. Vervolgens wordt dit 
eiwit door de nieren uitgescheiden in de urine. De concentratie I-FABP is dus zowel te meten 
in het bloed als in de urine. Citrulline is een aminozuur dat vrijkomt uit de enterocyten 
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van de darm en wordt uitgescheiden in het bloed tijdens de omzetting van glutamine. Ten 
tijde van darmschade zal het functioneren van de enterocyten worden aangetast en zal de 
plasma citrulline concentratie zijn verminderd. Als de darm herstelt en dus de functie van 
de enterocyten herstelt, zal de plasma citrulline concentratie weer toenemen, zoals dit 
wordt gezien bij andere darmziekten waarbij er sprake is van een ontstekingsreactie.

Voor onderzoeksdoeleinden wordt het meten van de zuurstof saturatie van de darm en 
de concentraties van I-FABP en citrulline bij prematuur geboren kinderen gebruikt om de 
kinderen met een verhoogd risico op het ontwikkelen van NEC te identificeren of in te 
schatten welke kinderen met NEC het risico lopen op een gecompliceerd beloop. In dit 
proefschrift hebben we beschreven of het meten van het zuurstof saturatie van de darm, 
het meten van de concentratie I-FABP in de urine, en het meten van de plasma citrulline 
concentratie helpt bij het inschatten van de kans op overleving en het voorpellen van 
darmherstel bij prematuur geboren kinderen met NEC. Indien dit mogelijk blijkt, dan 
zouden deze biomarkers kunnen helpen om in de toekomst de behandeling en zorg voor 
kinderen met NEC te verbeteren.

Om de verschillende onderzoekvragen betreffende de ontwikkeling van NEC en het herstel 
van de darm na NEC beter te begrijpen hebben we geprobeerd om eerst de relatie tussen 
de doorbloeding van de onrijpe darm, enterale voeding, en NEC beter in kaart te brengen. 
In hoofdstuk 2 onderzochten we wat het effect van enterale bolus voeding was op de met 
NIRS gemeten zuurstof saturatie van de darm van 29 prematuur geboren kinderen met een 
mediane zwangerschapsduur van 28 weken en een geboortegewicht van 1025 gram. Van de 
29 kinderen hebben er uiteindelijk drie NEC ontwikkeld. Voor deze studie hebben we op 
verschillende dagen gedurende de eerste vijf weken na de geboorte de zuurstof saturatie 
gemeten gedurende twee uur. Vervolgens hebben we van deze twee-uurs metingen de 
gemiddelde zuurstof saturatie van de darm berekend per dag. In deze studie hebben we 
aangetoond dat de zuurstof saturatie van de darm niet toeneemt na een voeding gedurende 
de eerste vier weken na de geboorte. Pas de vijfde week na de geboorte observeerden we 
een toename van de zuurstof saturatie van de darm na een voeding. Naast de postnatale 
leeftijd hebben we tevens aangetoond dat een toename van de zuurstof saturatie van de 
darm na een voeding  afhankelijk is van de postmenstruele leeftijd en het volume van 
de voeding die het kind ontvangt. Kinderen met een postmenstruele leeftijd onder de 32 
weken lieten op groepsniveau geen stijging van de zuurstof saturatie van de darm zien 
na een voeding, terwijl kinderen met een postmenstruele leeftijd van 32 weken en ouder 
wel een toenemende zuurstof saturatie van de darm na een voeding lieten zien, ongeacht 
hun postnatale leeftijd. Op basis van deze bevindingen speculeren we dat de darm van de 
kinderen met een jongere zwangerschapsduur en postmenstruele leeftijd mogelijk nog niet 
in staat is om de zuurstof saturatie van de darm te laten toenemen, hetgeen essentieel 



542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik
Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020 PDF page: 197PDF page: 197PDF page: 197PDF page: 197

197

Nederlandse Samenvatting

9

kan zijn om de toegenomen metabole vraag naar zuurstof na een voeding op te vangen. 
Of deze veronderstelde mismatch tussen zuurstof aanbod en metabole zuurstof behoefte 
werkelijk een verhoogd risico geeft op het ontwikkelen van NEC zal verder moeten worden 
onderzocht in een groter prospectief cohort.

Ondanks dat de incidentie van NEC de afgelopen jaren is toegenomen, is er weinig 
wetenschappelijk onderzoek gedaan dat gericht is op het verbeteren van de behandeling van 
NEC. Daarom hebben we in het tweede deel van dit proefschrift onderzocht of verschillende 
biomarkers het vermogen hebben om de kans op overleving en de snelheid van darmherstel 
in te schatten in een groep prematuur geboren kinderen met NEC. In hoofdstuk 3 hebben we 
onderzocht of preoperatieve zuurstof saturatie metingen van de darm en van de hersenen, 
gemeten met NIRS, van toegevoegde waarde waren bij het inschatten welke kinderen met 
NEC een operatie zouden overleven en welke kinderen niet. Dit hebben we onderzocht 
in een groep van 22 prematuur geboren kinderen met een mediane gestatieduur van 27 
weken en een geboortegewicht van 1088 gram die werden geopereerd vanwege NEC. We 
hebben 0-24 uur voor de operatie de zuurstof saturatie van de darm en hersenen gemeten 
gedurende twee uur en hiervan de gemiddelde waarden berekend. We hebben aangetoond 
dat de preoperatieve zuurstof saturatie van de darm hoger is in kinderen die de operatie 
overleven en lager is in kinderen die na de operatie overlijden. In onze studie populatie 
hebben alle kinderen met een preoperatieve zuurstof saturatie van de darm boven de 53% de 
operatie en NEC overleefd, terwijl alle kinderen met een preoperatieve zuurstof saturatie 
van de darm onder de 35% zijn overleden. De preoperatieve zuurstof saturatie metingen 
van de hersenen waren niet verschillend tussen kinderen die de operatie hebben overleefd 
en de kinderen die zijn overleden. Van de verschillende conventionele klinische variabelen 
observeerden we een hoger CRP, een lager lactaat, en een lagere fractionele geïnspireerde 
zuurstof saturatie (FiO2)  in de groep kinderen die het hebben overleefd ten opzichte van de 
kinderen die zijn overleden. Na het analyseren van een aantal multipele regressiemodellen 
bleek dat de zuurstof saturatie van de darm significant in de modellen bleef als voorspeller 
voor de kans op overleving, en de genoemde conventionele klinische variabelen niet. Met 
deze studie hebben we aangetoond dat preoperatieve zuurstof saturatie metingen van de 
darm van toegevoegde waarde zijn om een inschatting te maken van de overlevingskansen 
van prematuren met NEC bij wie operatief ingrijpen noodzakelijk is. Deze metingen zouden 
clinici kunnen helpen om ouders beter te informeren over wat de conditie van hun zieke 
kind is en wat de te verwachten uitkomst is om zo gezamenlijk te besluiten wat het beste 
beleid is voor het kind.  

In hoofdstuk 4 hebben we in een prospectieve observationele studie onderzocht of zuurstof 
saturatiemetingen van de darm, de range (min-max) van de zuurstof saturatie van de darm, 
en de concentratie I-FABP in de urine kunnen bijdragen bij het voorspellen van darmherstel 
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na het ontwikkelen van NEC. Bij NEC wordt de voeding tijdelijk volledig gestaakt om 
de darmen rust te geven, waarna na enige tijd de voeding weer wordt geïntroduceerd. 
We hebben een groep van 27 prematuur geboren kinderen die NEC hebben overleefd 
geïncludeerd met een mediane zwangerschapsduur van 28 weken en een geboortegewicht 
van 1120 gram. Voor deze studie hebben we vanaf start NEC tot het herstel van de darm 
dagelijks de zuurstof saturatie in de darm gemeten gedurende twee uur, de gemiddelden 
berekend, en dagelijks de urine verzameld om de concentratie I-FABP te bepalen tijdens 
dezelfde periode. Er is op dit moment nog geen gouden standaard om darmherstel te 
meten. Een veel gebruikte indirecte manier om het moment waarop de darm hersteld is 
te bepalen, is te kijken naar de tijd die het kost om weer probleemloos volledig enteraal 
gevoed gevoed te kunnen worden na het ontwikkelen van NEC. Als een darm snel herstelt, 
is het ook sneller mogelijk om weer te gaan voeden. Andersom, als een darm niet goed 
herstelt, zal de herintroductie van voeding na NEC moeizaam zijn, en het gebruikelijke 
ophogen van het dagelijks voedingsvolume vertraagd verlopen, waarbij het langer duurt 
voor het kind weer volledig enteraal gevoed kan worden. Voor deze onderzoekspopulatie 
bleek deze mediane duur tussen de eerste voeding na NEC en het bereiken van volledig 
enterale voeding 14 dagen. Naast de tijd tot volledig enterale voeding hebben we in deze 
studie ook gekeken naar post-NEC complicaties, zoals het ontwikkelen van een recidief 
NEC of een post-NEC stenose (vernauwing van de darm). Gedurende de eerste 48 uur na 
het ontwikkelen van NEC en de meting vlak voor de eerste voeding na NEC, werd er geen 
verschil gevonden in de zuurstof saturatie van de darm, de range, en de concentratie 
I-FABP in de urine, tussen de kinderen die binnen 14 dagen weer volledig enteraal gevoed 
konden worden en de kinderen die hier langere tijd voor nodig hadden. We vonden voor 
deze drie maten ook geen verschil op al deze tijdstippen tussen kinderen die een post-
NEC complicatie ontwikkelden en kinderen die geen complicatie ontwikkelden. De eerste 
NIRS meting binnen 24 uur na de eerste voeding liet echter wel een verschil zien tussen 
beide groepen. De gemiddelde zuurstof saturatie van de darm was hoger en de range was 
groter bij kinderen die weer op volledig enterale voeding zaten binnen 14 dagen dan bij de 
kinderen die er langer over deden. Indien de gemiddelde zuurstof saturatie van de darm 
boven de 53% lag en ook de range boven de 50% was de kans om volledig enterale voeding 
binnen 14 dagen te bereiken ruim 16 keer zo groot. Dit suggereert dat het herstellen van 
de darm van NEC geassocieerd is met het herstellen van de doorbloeding van de darm, en 
dat hierbij zowel de absolute waarde als de variabiliteit van de waarde (range) een rol 
spelen. Verder vonden we dat de concentratie I-FABP in de urine hoger was de eerste 24 
uur na de eerste voeding bij kinderen die een post-NEC stenose ontwikkelden vergeleken 
met kinderen die dat niet ontwikkelden. Waarschijnlijk hebben de kinderen die een post-
NEC stenose ontwikkelen dus een bepaalde mate van voortgaande ontsteking van de darm 
die resulteert in een hogere turn-over van de enterocyten, zoals die te verklaren is door 
de hoger gemeten concentratie I-FABP in deze groep. De bevindendingen van deze studie 
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suggereren in elk geval dat de zuurstof saturatie van de darm en de concentratie I-FABP 
in de urine kunnen bijdragen aan het voorspellen van darmherstel en dit biedt daarom 
mogelijkheden tot het individualiseren van het voedingsbeleid voor prematuur geboren 
kinderen met NEC.  

In hoofdstuk 5 hebben we onderzocht wat het beloop is van de biomarker citrulline gemeten 
in plasma gedurende de eerste 48 uur na het ontstaan van NEC. We hebben ook gekeken 
of de plasma citrulline concentratie geassocieerd is met het type behandeling voor NEC, 
overleving en darmherstel op de tijdstippen 0-24 uur en 24-48 uur na het ontwikkelen van 
NEC. Om darmherstel te meten hebben we ook in deze studie gekeken naar de mediane 
duur tot het bereiken van volledig enterale voeding. Voor deze onderzoeksvraag hebben we 
48 prematuur geboren kinderen geïncludeerd met NEC uit twee verschillende prospectieve 
cohorten. De kinderen hadden een mediane zwangerschapsduur van 28 weken met een 
geboortegewicht van 1200 gram. De mediane tijd tussen het staken van de voeding 
vanwege NEC en weer volledig enteraal gevoed kunnen worden was 20 dagen in deze 
studiepopulatie. Bloed werd alleen verzameld tijdens een klinisch geplande afname voor de 
klinisch noodzakelijke zorg. We vonden dat gedurende de eerste 48 uur na het ontwikkelen 
van NEC de plasma citrulline concentratie daalt. Dit suggereert dat er de eerste 48 uur na 
NEC verdere enterocyt schade van de darm optreedt en dat het herstel proces zich mogelijk 
in de daarop volgende uren en/of dagen pas inzet. De plasma citrulline concentratie was 
niet verschillend tussen kinderen die conservatief en operatief werden behandeld en ook 
niet tussen kinderen die NEC hebben overleefd en zijn overleden. De eerste 24 uur na 
het ontwikkelen van NEC was de plasma citrulline concentratie echter hoger in kinderen 
die volledig enterale voeding bereikten binnen 20 dagen na het stoppen van de voeding 
vergeleken met kinderen die er langer over deden. De hoogte van de plasma citrulline 
concentratie gedurende de eerste 24 uur na het ontstaan van NEC zou dus een indicatie 
kunnen geven voor de duur die nodig zal zijn voor de darm om te herstellen. Of het meten 
van de plasma citrulline concentratie daadwerkelijk helpt bij het bepalen van het moment 
waarop darmherstel zich inzet zal nog verder moeten worden onderzocht.  

Prematuur geboren kinderen die NEC hebben doorgemaakt hebben een verhoogd risico op 
een afwijkende neurologische ontwikkeling. Kinderen die vanwege NEC zijn geopereerd 
blijken een nog grotere kans te hebben op een afwijkende ontwikkeling dan kinderen 
met NEC die geen operatie nodig hadden. In het derde deel van dit proefschrift hebben 
we onderzocht wat mogelijke onderliggende mechanismen kunnen zijn waardoor de 
kinderen die NEC hebben doorgemaakt een verhoogd risico hebben op een achterstand in 
hun neurologische ontwikkeling. Een mogelijke oorzaak voor hersenschade bij prematuur 
geboren kinderen is het ontbreken van cerebrovasculaire autoregulatie. Wanneer de 
cerebrovasculaire autoregulatie adequaat is zal de doorbloeding van de hersenen constant 
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blijven bij schommelingen van de cerebrale perfusie druk (binnen een bepaalde range). 
Op het moment dat de cerebrovasculaire autoregulatie verminderd of afwezig is zal de 
doorbloeding van de hersenen parallel mee schommelen met veranderingen in de cerebrale 
perfusie druk. Op die manier kan een hoge druk resulteren in bloedingen en een lage 
druk juist in ischemische schade. Omdat er geen non-invasieve manier is om de cerebrale 
perfusie druk te meten, wordt voor het bepalen van de cerebrovasculaire autoregulatie 
gebruikt gemaakt van de relatie tussen de doorbloeding van de hersenen en de systemische 
bloeddruk. De range waarbinnen de cerebrovasculaire autoregulatie adequaat is, wordt 
beïnvloed door verschillende interne en externe factoren. In hoofdstuk 6 hebben we 
onderzocht of een operatie en/of anesthesie een externe factor is die het risico verhoogt 
op een verstoorde cerebrovasculaire autoregulatie bij prematuur geboren kinderen die een 
operatieve interventie ondergingen vanwege NEC of vanwege een spontane perforatie van 
de darm (SIP). Voor deze studie hebben we 19 prematuur geboren kinderen geïncludeerd 
met een mediane zwangerschapsduur van ruim 28 weken en een mediaan geboortegewicht 
van 1090 gram. Veertien kinderen ondergingen een operatie vanwege NEC en vijf vanwege 
SIP. We hebben van al deze kinderen gelijktijdig de zuurstof saturatie van de hersenen (als 
indirecte maat voor doorbloeding van de hersenen), de arteriële saturatie en de bloeddruk 
gemeten en gecorreleerd op 3 tijdstippen: 24-0 h voor de operatie, tijdens de operatie, en 
0-24 uur na de operatie. De cerebrovasculaire autoregulatie leek vaker verstoord tijdens 
de operatie dan voor en na de operatie. Meer dan de helft van de kinderen (67%) die voor 
de operatie een adequate cerebrovasculaire autoregulatie hadden verloren deze tijdens de 
operatie. Daarnaast observeerden we dat het verlies van cerebrovasculaire autoregulatie 
tijdens de operatie geassocieerd was met hogere pCO2 waarden. Onze resultaten suggereren 
dat het verhoogde risico op een achterstand in de neurologische ontwikkeling bij prematuur 
geboren kinderen met geopereerde NEC mogelijk verklaard kan worden door een verhoogd 
risico op het verliezen van cerebrovasculaire autoregulatie tijdens deze ingreep. De 
werkelijke relatie tussen het verlies van de cerebrovasculaire autoregulatie, en welke 
operatieve en/of anesthetische factoren dit veroorzaken, en wat de relatie is met het 
optreden van hersenschade zal nader onderzocht moeten worden. Het monitoren van de 
relatie tussen bloeddruk en de zuurstof saturatie van de hersenen tijdens een operatieve 
interventie lijkt in elk geval wel wenselijk om grote schommelingen in de doorbloeding van 
de hersenen te voorkomen. 

Tijdens het derde trimester van de zwangerschap vindt er een traject van snelle groei en 
differentiatie van de hersenen van het kind plaats. Daardoor is het brein van een prematuur 
geborene in deze periode extra gevoelig voor allerlei factoren die dit proces van hersengroei 
en -ontwikkeling kunnen verstoren, zoals bijvoorbeeld een ontstekingsreactie van de darm 
door een aandoening als NEC. Een belangrijke factor voor een adequate ontwikkeling van 
de hersenen is voldoende voeding. Op het moment dat een prematuur kind NEC ontwikkelt 
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zal de enterale voeding worden gestopt en zal het voeden via de bloedbaan (parenteraal) 
plaatsvinden. Dit is minder effectief om een goede voedingsstatus te behouden dan enterale 
voeding. Tevens kan het onthouden van enterale voeding leiden tot atrofie van de darmvilli 
en leverschade. In hoofdstuk 7 hebben we daarom onderzocht of er een relatie is tussen de 
tijd dat het nodig is om weer volledig enteraal gevoed te kunnen worden na het ontwikkelen 
van NEC en de neurologische ontwikkeling op de gecorrigeerde leeftijd van 2-3 jaar. In 44 
kinderen die prematuur zijn geboren en NEC hebben doorgemaakt hebben we de ‘Bayley 
Scales of Infant and Toddler Development’ afgenomen om de cognitieve en motorische 
ontwikkeling van de kinderen te bepalen. Tevens hebben we de ouders een Child Behaviour 
Checklist laten invullen om het gedrag van hun kind te kunnen meten. De mediane leeftijd 
tijdens de test, gecorrigeerd voor prematuriteit, was 26 maanden. Met deze studie hebben 
we aangetoond dat een langere tijd tot het bereiken van volledig enterale voeding na 
het staken van de voeding vanwege het ontwikkelen van NEC inderdaad is geassocieerd 
met lagere cognitieve en lagere motorische scores. Deze bevinding bleef significant na 
het corrigeren voor de mate van ziek zijn. De tijd tot volledig enterale voeding was niet 
geassocieerd met afwijkend gedrag. Het ontwikkelen van post-NEC complicaties, zoals een 
recidief of stenose, was niet geassocieerd met cognitieve en motorische uitkomsten en niet 
geassocieerd met gedrag. De resultaten van deze studie suggereren om de tijd van staken 
van enterale voeding na het ontwikkelen van NEC zo kort mogelijk te laten duren, om zo de 
uitkomsten op latere leeftijd voor deze kinderen te verbeteren. 

Voordat de bevindingen die zijn gepresenteerd in dit proefschrift kunnen worden 
geïmplementeerd in de behandeling van kinderen met NEC zullen deze resultaten moeten 
worden gevalideerd in grotere studie cohorten met een prospectieve opzet. In deel 1 van 
het proefschrift hebben we aangetoond dat in onze studie prematuur geboren kinderen de 
eerste vier weken na de geboorte geen toegenomen zuurstof saturatie van de darm laten zien 
na het geven van een bolus enterale voeding. Ook hebben we laten zien dat een toename 
van de zuurstof saturatie van de darm na een voeding afhankelijk is van de postmenstruele 
leeftijd en het volume van de voeding. In hoeverre er werkelijk sprake is van een disbalans 
tussen zuurstof behoefte en aanbod in de darm na een voeding gedurende de eerste vier 
weken na de geboorte en of de aanwezigheid van een dergelijke disbalans gepaard gaat met 
een verhoogd risico op het ontwikkelen van NEC zal verder moeten worden onderzocht. In 
deel twee van dit proefschrift hebben we aangetoond dat preoperatieve zuurstof metingen 
van de darm kunnen bijdragen aan het inschatten van de kans op het overleven van een 
operatieve interventie bij NEC. Het kunnen voorspellen van de overlevingskansen van 
kinderen met NEC zou clinici kunnen helpen bij het inschatten of een operatieve ingreep 
zinvol is zodat ouders beter kunnen worden geïnformeerd over de situatie van hun kind in het 
kader van de gezamenlijke besluitvorming. In dit proefschrift hebben we ook aangetoond 
dat het meten van de zuurstof saturatie van de darm, het bepalen van de concentratie 
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I-FABP in de urine en het bepalen van plasma citrulline concentraties na de eerste voeding 
na een periode zonder voeding vanwege NEC, bijdraagt aan het voorspellen van de duur van 
het herstel van de darm. Het meten van deze biomarkers na NEC zou in de toekomst clinici 
kunnen helpen om het voedingsbeleid voor kinderen met NEC te individualiseren en zo de 
zorg voor deze kinderen te verbeteren, immers de periode zonder voeding zou bij voorkeur 
zo kort mogelijk moeten zijn. Een volgende stap zou zijn om te onderzoeken of het mogelijk 
is om te voorspellen wanneer de darm voldoende hersteld is na NEC om voeding te gaan 
herintroduceren. In het laatste deel van dit proefschrift hebben we laten zien dat kinderen 
die vanwege NEC worden geopereerd tijdens de operatie een verhoogd risico hebben op een 
minder adequate cerebrovasculaire autoregulatie. Dit zou mogelijk een extra risicofactor 
kunnen zijn voor een afwijkende neurologische ontwikkeling op latere leeftijd in deze 
groep kinderen. Daarom is het belangrijk om rondom de operatie de zuurstof saturatie van 
de hersenen gelijktijdig met de bloeddruk te monitoren. Het is ook belangrijk om in de 
toekomst te onderzoeken wat precies het onderliggende mechanisme is die het verlies van 
cerebrovasculaire autoregulatie tijdens een operatie kan verklaren zodat de monitoring 
tijdens de operatie van deze kinderen kan worden verbeterd. We hebben in dit deel ook 
laten zien dat kinderen die een langere tijd nodig hebben om volledig enterale voeding 
te bereiken geassocieerd is met lagere cognitieve en motorische ontwikkelingsscores op 
de gecorrigeerde leeftijd van 2-3 jaar. Dit suggereert dat het belangrijk is om de enterale 
voeding zo snel als mogelijk is te herintroduceren na het ontwikkelen van NEC. Het meten 
van de zuurstof saturatie van de darm zou hierbij mogelijk kunnen bijdragen om het 
optimale moment te bepalen dat herintroductie van enterale voeding veilig is. Premature 
kinderen krijgen op de neonatale intensive care te maken met allerlei stressoren die de 
neurologische ontwikkeling negatief kunnen beïnvloeden. Het is daarom belangrijk om bij 
een grotere groep kinderen te onderzoeken hoe de duur van staken van voeding en de tijd 
tot het bereiken van volledig enterale voeding bij NEC samenhangt met de neurologische 
ontwikkeling, waarbij wordt gecorrigeerd voor potentiële beïnvloedende factoren.     



542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik
Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020 PDF page: 203PDF page: 203PDF page: 203PDF page: 203

203

Dankwoord

9

DANKWOORD

Lieve lezers, vol trots presenteer ik jullie mijn proefschrift. De afgelopen jaren waren  
intensief maar ook heel bijzonder en waardevol. Na al die jaren onderzoek doen besef je 
hoe weinig we eigenlijk nog weten. Ik hoop met dit proefschrift een klein steentje bij te 
dragen aan het verbeteren van de zorg en behandeling van een zeer complexe aandoening 
in een kwetsbare maar bewonderenswaardig veerkrachtige patiëntengroep.

‘Onderzoek doe je nooit alleen’ en daarom wil ik iedereen bedanken die mij de afgelopen 
jaren gemotiveerd en gesteund heeft bij het afleggen van de wetenschappelijke weg naar 
een prachtige eindbestemming: Dit proefschrift. Een aantal mensen wil ik hieronder graag  
speciaal bedanken.

Kleine handjes
Nog zoekend naar ritme en cadans

zie ik je kleine handjes bewegen.

Je mist nog de souplesse

maar dat houd je niet tegen.

Je kleine handjes dansen door het leven,

ze spreken, lachen en zijn soms kwaad.

Ik hoef alleen maar naar ze te kijken

om te zien hoe het met je gaat.

Gedichtenbundel “Vanzelfsprekend?” (Marja van der Laar, 2019).

Ten eerste wil ik alle kinderen en hun ouders/voogd bedanken die hebben deelgenomen aan 
het onderzoek beschreven in dit proefschrift. Naast de nieuwe inzichten die jullie deelname 
heeft opgeleverd, hebben jullie mij ook laten zien hoe indrukwekkend en onvoorspelbaar de 
aandoening necrotiserende enterocolitis (NEC) is. Bedankt dat wij deel mochten uitmaken 
van deze heftige en onzekere periode in jullie leven.

Prof. dr. A.F. Bos, beste Arie, ik ken niemand die zo ontzettend veel ervaring en kennis heeft 
in de neonatologie en in het doen van wetenschappelijk onderzoek als jij. Je bent echt voor 
geen gat te vangen, voor elke uitdaging heb je een oplossing en dat vind ik zo speciaal. 
Naast de rol van professor heb ik mogen ervaren dat je een heel betrokken persoon bent 
en dat heb ik ontzettend gewaardeerd. Je straalde altijd heel veel vertrouwen uit in mijn 
project en dat gaf vervolgens mij weer vertrouwen. Ik wil je daarvoor heel graag bedanken. 
Ik vind je een unieke professor die aandacht heeft voor iedereen. Heel erg bedankt voor 
alle begeleiding de afgelopen jaren!
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Dr. E.M.W. Kooi, beste Elisabeth, de afgelopen jaren ben jij mijn directe supervisor en 
aanspreekpunt geweest. Samen hebben een prachtig MD/PhD-traject opgezet, uitgevoerd 
en tot een goed eindresultaat gebracht. Ik ben je ontzettend dankbaar voor de plezierige 
en leerzame begeleiding tijdens de afgelopen jaren. Ik kon altijd bij je terecht. Je bent 
onwijs optimistisch ingesteld en was altijd bereid om met me mee te denken. Bedankt voor 
al je enthousiasme en je enorme betrokkenheid. Naast de wetenschappelijke kanten van 
de neonatologie heb je mij ook laten kennismaken met de klinische uitdagingen van dit 
specialisme. Deze combinatie maakt dat onderzoek doen bij jullie een hele betekenisvolle 
periode is geweest voor mij. Heel erg bedankt voor alles en hopelijk op een dag tot ziens!

Prof. dr. J.B.F. Hulscher, beste Jan, ik wil je ontzettend bedanken voor je fanatieke inzet 
tijdens de afgelopen jaren. Het was voor mij heel speciaal om aanwezig te mogen zijn 
bij de verschillende operaties die zijn uitgevoerd bij de prematuren met NEC. Als jij de 
opererend chirurg was dan gaf je mij het gevoel dat ik onderdeel was van het team en dat 
was voor mij heel bijzonder. Het afgelopen jaar was je intensief betrokken en kon ik altijd 
even bij je langskomen met een chirurgische vraag of voor een advies. Je hebt altijd nieuwe 
ideeën om iedereen enthousiast te houden. Dat heeft me heel erg geholpen en heb ik zeer 
gewaardeerd. Wat een eer dat je mijn promotor bent, ontzettend bedankt voor alles!

Graag wil ik de leden van de leescommissie, prof. dr. I.K.M. Reiss, prof. dr. T.W.L. Scheeren, 
en prof. dr. E. Heineman, hartelijk bedanken voor het kritisch lezen en het beoordelen van 
mijn proefschrift.

Medeauteurs, dr. Janneke L.M. Bruggink, prof. dr. A.A. Eduard Verhagen, drs. Froukje 
A. Feenstra, dr. Joep P.M. Derikx, drs. Margot T. Brouwer-Bergsma, prof. dr. Anthony R. 
Absalom, ik wil jullie heel erg bedanken voor al jullie inzet, de kritische maar ook zeker 
enthousiaste feedback en aanvullende ideeën op de verschillende manuscripten. Ik heb 
onze samenwerking als heel prettig ervaren en kijk hier met een goed gevoel op terug. 

Graag bedank ik alle medewerkers van de afdeling neonatologie, kinderchirurgie en 
kinderanesthesie die hebben bijgedragen om het verzamelen van de data voor het 
onderzoek mogelijk te maken. Ik wil alle verpleegkundigen, neonatologen, kinderchirurgen, 
kinderanesthesisten, fellows en arts-assistenten bedanken voor de plezierige samenwerking 
op en rondom de afdeling.

Secretaresses en voormalig secretaresses van de neonatologie, Grace Heyne, Renée 
Staal, Joke de Jonge, en Janette Tienkamp, bedankt voor alle hulp bij het inscannen van 
documenten, het drukken van adresetiketten, het versturen van post aan ouders van de 
kinderen, en het inplannen van de afspraken met het promotieteam. Bedankt voor de 
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prettige samenwerking en jullie betrokkenheid.

De researchverpleegkundigen, Annelies Olthuis en Dyvonne Baptist. Beste Annelies, van het 
begin af aan was het fijn om met je samen te werken. Ik heb veel aan jouw logistieke kennis 
en hulp gehad bij het opzetten van de NaNEC-studie. Tevens kon ik altijd bij je terecht om 
even gezellig een praatje te maken. Ik wil je hartelijk bedanken voor je inzet. Bedankt voor 
het beoordelen van alle general movements van de NaNEC-studie. Beste Dyvonne, ook jou 
wil ik bedanken voor de fijne samenwerking en je enorme inzet. Bedankt voor het filmen 
van de general movements van alle kinderen van de NaNEC-studie. 

Dr. Koen Van Braeckel, zonder u had ik mijn eerste manuscript niet kunnen schrijven. Ik 
wil u hartelijk bedanken voor uw hulp bij de multi-level analyse. Uw statische kennis en 
enthousiasme voor de statistiek heeft bijgedragen tot een prachtig eerste manuscript. 

Drs. Anne den Heijer, ik wil u hartelijk bedanken voor de hulp bij het afnemen van de ‘Bayley 
Scales of Infant and Toddler Development’ bij de kinderen die hiervoor waren uitgenodigd.  

Dr. Titia Brantsma - van Wulfften Palthe, beste Titia, ik wil u hartelijk bedanken voor alle 
tijd en energie die u heeft gestoken in het corrigeren mijn manuscripten op het Engels. Uw 
bijdrage heeft geresulteerd in prachtig geschreven manuscripten waar ik u erg dankbaar 
voor ben.  

Wim van Oeveren, bedankt voor de uitleg over en het uitvoeren van de I-FABP bepalingen. 
Ik vond het erg leuk om zelf mee te mogen helpen. 

De medewerkers van de verschillende laboratoria van het Universitair Medisch Centrum 
Groningen. Roelof Bekkema bedankt voor het leveren van de urinebuisjes, de bijbehorende 
etiketten en het ijs zodat de buisjes op transport konden naar de vriezer. Rebecca Heiner-
Fokkema en haar collega’s, bedankt voor de uitvoering van de citrulline bepalingen. 

De Junior Scientific Masterclass wil ik bedanken voor de mogelijkheid die ik heb gekregen 
om dit onderzoek in de vorm van een MD/PhD-traject uit te voeren.

Alle studenten van het NIRS team, ik wil jullie bedanken voor jullie enthousiasme, inzet en 
hulp bij het includeren van deelnemers voor de NaNEC-studie.

Beste collega-onderzoekers, mede MD/PhD-studenten, Anne Richter, Martin van der Heide, 
Baukje Dotinga, Hanneke van Dokkum, en Sahar Salavati, bedankt voor alle gezelligheid! 
Samen met jullie heb ik een prachtige periode beneden in de kelder van het Triade-gebouw  



542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik542253-L-bw-Kuik
Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020Processed on: 6-7-2020 PDF page: 206PDF page: 206PDF page: 206PDF page: 206

206

Chapter 9

beleefd! Ook bedankt voor de gezelligheid tijdens de verschillende congressen, cursussen 
en lunchpauzes. Ik heb veel gehad aan alle tips en trucs die jullie mij hebben gegeven. Heel 
veel succes met het afronden van jullie eigen onderzoek!

Michelle van der Laan, Jozien Tanis, Marrit Hitzert, Annemiek Roesscher, Nynke Schat en 
Janyte Holwerda, ook jullie bedankt voor alle gezelligheid in het Triade-gebouw en voor 
alle wetenschappelijke tips.

Lieve Anne van Zoonen, bedankt voor al je positieve woorden. Bedankt voor de geweldige 
roadtrip die we samen door California hebben gemaakt. Zomaar zonder auto papieren, 
zonder een idee wat we moesten tanken, en zonder een idee van de route en bewegwijzering 
gingen we het avontuur tegemoet. Het was een fantastische ervaring en zonder jou had ik 
deze reis niet durven maken. I still never hit a pedestrian! 

Lieve Willemien Kalteren, fijne collega en vriendin, bedankt voor alle mooie en gezellige 
momenten tijdens onze onderzoeksjaren. Samen in de kelder van het Triade-gebouw, onze 
place to be, kon ik altijd bij je terecht met een vraag, om even kletsen, tijdens de minder 
goede momenten of juist tijdens de successen. Daarnaast was je altijd bereid om in te 
springen en te helpen bij mijn onderzoek en het includeren van deelnemers. Ik ken niemand 
die zich zo veel inzet om een ander te helpen. Ontzettend bedankt voor deze waardevolle 
periode en de hoeveelheid energie die jij aan ons onderzoeksteam geeft. Ik wil je heel veel 
succes wensen bij je eigen onderzoek en de promotie die er zeker komen gaat!

Beste Mirthe Mebius, jij was mijn directe collega en samen zaten wij in KZ.0023 van het 
Triade-gebouw. Ik heb ontzettend veel geleerd van het jaar dat ik voor jouw onderzoek 
deelnemers mocht includeren. Het was heel erg fijn dat jij daarna toen ik coschappen ging 
lopen hielp bij het includeren van deelnemers voor mijn onderzoeksproject. Dit deed je 
met veel enthousiasme en precisie. Ik wil je heel erg bedanken voor je inzet en onze fijne 
en gezellige samenwerking.

Lieve Margriet Stuijvenberg, ook jou wil ik graag persoonlijk bedanken. Ik heb het 
ontzettend gewaardeerd dat jij me zag als de persoon die ik ben  naast de ‘onderzoeker 
van de neonatologie’. Je hebt me geleerd om een weg te vinden in hoe ik ‘mezelf ’ zijn 
kan combineren met ‘dokter’ en ‘promovenda’zijn. Heel erg bedankt voor je vertrouwen 
en alle fijne koffie momenten!

Beste paranimfen, Sietske Berghuis en Janna Seubers, wat een eer dat jullie mijn paranimf 
willen zijn! Lieve Sietske, ik ken niemand die zo enthousiast wordt van de wetenschap 
als jij. Het ene manuscript is nog niet af en jij denkt al na over een volgende manuscript 
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want er zijn ‘zoveel mooie resultaten die toch echt niet kunnen blijven liggen’. Daarnaast 
ben je ook nog dokter, moeder, vriendin en mag ik je altijd om tips en adviezen vragen bij 
mijn onderzoek. Ik waardeer onze vriendschap enorm. Natuurlijk wil ik ook Fer, Leon en 
Nathan bedanken voor alle gezellige momenten in het mooie Bedum en niet te vergeten: 
de lekkere pannenkoeken! Lieve Janna, wij kennen elkaar nog maar net. Samen zijn we dit 
jaar begonnen in het Gelre ziekenhuis bij de kindergeneeskunde als arts-assistent. Ineens 
zaten we bij een diner vol zingende kinderartsen verwonderd onze ogen uit te kijken. Er 
was direct een collegiale klik, zaten we samen bij de Sushi in Apeldoorn en kwamen we 
niet meer bij van het lachen. Bedankt voor je positieve spirit en ik hoop dat we nog lang 
collega’s en vriendinnen mogen zijn.

Nieuwe collega’s van Gelre Ziekenhuizen Apeldoorn bedankt voor alle positieve support bij 
de laatste loodjes!

Lieve vrienden, familie en toekomstige schoonfamilie, bedankt voor jullie meeleven tijdens 
mijn promotieonderzoek en alle gezellige afleiding. Dank jullie wel voor alle interesse die 
jullie in mij toonden, ook al was het vaak onduidelijk wat ik nu precies aan het doen was als 
ik het had over mijn promotieonderzoek. Jullie hebben er voor gezorgd dat ik altijd weer 
met hernieuwde energie en vol goede moed verder aan de slag kon met mijn onderzoek.

Lieve Francisca Gaster en Merel Smit, samen zijn wij begonnen aan de geneeskunde 
opleiding en altijd zijn wij een vriendinnen-trio gebleven. Helaas wonen we nu door heel 
Nederland verspreid, maar dat doet zeker niets af aan onze vriendschap. Ik kon altijd bij 
jullie terecht voor advies, gezelligheid en vriendinnen-dingen. Onze favoriet: mosselen met 
frietjes! Jullie steun ging door “dik en dun”. Ik hoop dat onze vriendschap nog vele jaren 
mag voortduren. Heel erg bedankt voor deze speciale vriendschap vol mooie momenten. 

Lieve Rosanne Grolle, ondanks dat we niet meer bij elkaar in de buurt wonen hebben we 
altijd contact gehouden. Je hebt altijd interesse getoond in hoe het met me gaat en niet te 
vergeten in hoe het met Ole en Elmo gaat. Ik kan altijd met je lachen. Bedankt voor onze 
fijne vriendschap, de steun tijdens mijn onderzoeksperiode, en de leuke afleiding. 

Lieve Elly Berkedam-Wouters, ontzettend bedankt voor je inzet en creativiteit bij het 
ontwerpen van de illustratie op de cover en lay-out van dit proefschrift. Het was voor mij 
een hele eer om dit samen met jou te mogen doen. Ik vind het heel speciaal om deze mooie 
herinnering samen te delen. Je bent een bijzonder mooi persoon, staat altijd voor mij klaar, 
en ik zal ons bellen blaas avontuur voor de cover nooit vergeten. Heel, heel erg bedankt! 
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Lieve Mam, in alles ben jij mijn steun en toeverlaat. Op de momenten dat ik het even niet 
meer zie, ben jij er altijd om mij te vertellen hoe trots je op me bent. Altijd laat jij me zien 
dat ik het wel kan en niet alleen hoef te doen. Er is niemand zoals jij. Niemand die ik ken 
heeft de kracht die jij de wereld en de mensen om je heen weet te geven. Ik kan mij geen 
betere moeder wensen, maar dat wist je natuurlijk al. Heel erg bedankt voor alle steun bij 
mijn MD PhD traject en het ontwikkelen van dit proefschrift. En alvast bedankt voor alle 
steun die nog komen gaat bij mijn vervolg traject.

Lieve Pelle, bedankt voor alle droge humor die mij juist even afleiding gaf op de momenten 
dat ik even niet met onderzoek bezig was. Met jou kan ik altijd een avondje spareribs 
eten, voetbal kijken en genieten van het mooie FC Groningen! Daarnaast heb ook jij mij 
enorm gesteund tijdens de afgelopen jaren. Je bent net als Marga altijd trots op me en dat 
waardeer ik enorm. Ik wil je laten weten dat ik ook heel trots op jou ben! Jij hebt echt 
een enorm doorzettingsvermogen en bent een prachtig mooi persoon. Super bedankt voor 
alle support en ik hoop dat we nog jaren samen met Marga naar FC Groningen blijven gaan. 

Lieve Johan, bedankt dat je altijd aan mijn zijde staat sinds we elkaar kennen, ook op de 
momenten dat je in het buitenland bent. Dat je er voor mij bent als ik vol energie midden 
in de nacht aan het stuiteren ben vanwege mijn ideeën over een manuscript. Dat je er bent 
als ik even in de knoop zit met mijn eigen perfectionisme. Dat je er bent ook als ik ‘even’ 
niet te genieten ben. Dat je mij erop wijst dat je niet kunt piekeren over dingen die je niet 
plant. Dat je me leert dat loslaten zoveel levensvreugde geeft. Lieve Johan, zonder jou had 
ik dit allemaal niet kunnen doen. Bedankt dat je er altijd voor mij bent.  

Tot slot, Ole & Elmo, bedankt voor alle keren dat jullie bovenop het toetsenbord van mijn 
laptop sprongen en de meest rare zinnen aan mijn manuscript wisten toe te voegen. Bedankt 
voor al die zwarte kattenpoten op mijn aantekeningen. Ole, Elmo en natuurlijk ook Basel, 
bedankt voor al die motiverende knuffels op de momenten waarop ik die even nodig had. 

Iedereen die ik nog vergeten ben, hartelijk dank!
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Sara Janne Kuik was born on December 24th 1988 in Groningen, the Netherlands. She grew 
up in Zuidlaren and in Yde as oldest of three children. Sara graduated from the Groningse 
scholengemeenschap Zernike College Atheneum Plus, a secondary school in Haren Gr. 
She subsequently started the study Life Science and Technology (LST) at the University of 
Groningen in 2007. After receiving the first year’s degree for LST she was accepted into the 
Medical School at the University of Groningen in 2008. In the second year of medical school 
she became interested in performing research and she started a pilot research project as a 
part of the Junior Scientific Masterclass at the Division of Neonatology of Beatrix Children’s 
Hospital of the University Medical Center Groningen. This project was supervised by prof. dr. 
A.F. Bos, dr. E.M.W. Kooi, and dr. M.E. van der Laan. Sara was awarded for the best abstract 
and oral presentation for this project at the SKA congress at Bergen aan Zee in 2012. 
This pilot was followed by another research project, also as a part of the Junior Scientific 
Masterclass at the Division of Neonatology of Beatrix Children’s Hospital of the University 
Medical Center Groningen, under supervision of prof. dr. A.F. Bos, dr. E.M.W. Kooi, and dr. 
T.E. Schat. This research resulted in a first manuscript and a successful application for the 
MD/PhD trajectory of the Junior Scientific Masterclass in 2014. The MD/PhD trajectory is a 
special program for medical student, enabling them to become a medical doctor as well as 
a PhD in two years’ extra time next to the regular medical study program. Sara participated 
in several courses of the BCN school of the University of Groningen. She also participated in 
several international conferences during her MD/PhD trajectory. Furthermore, she received 
a grant from Stichting De Cock-Hadders in February 2017. The results of this MD/PhD 
trajectory are presented in this thesis. Sara combined her clinical research with clinical 
internships at the University Medical Center Groningen and the hospital Scheperziekenhuis 
(TREANT) Emmen. She did her final clinical internship at the Department of Pediatrics of 
the Martini Hospital Groningen and the Division of Neonatology at the Beatrix Children’s 
Hospital of the University Medical Center Groningen. She graduated from medical school in 
September 2018. After graduation she finished her PhD in October 2019. Sara is now working 
as a resident (ANIOS) at the Department of Pediatrics of the Gelre Hospital in Apeldoorn. 
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Chapter 9

ABBREVIATIONS

Bayley-III  Bayley Scales of Infant and Toddler Development, third edition
BW   Birth Weight
CAR   Cerebrovascular Autoregulation
CBCL   Child Behavior Checklist
cFTOE   Cerebral Fractional Tissue Oxygen Extraction
CI   Confidence Interval
Citrullinep  Plasma Citrulline
CP   Cerebral Palsy
CRP   C-Reactive Protein
FEF   Full Enteral Feeding
FEFt   Time to Full Enteral Feeding
FI   Feeding Intolerance
FiO2   Fraction of Inspired Oxygen
FTOE   Fractional Tissue Oxygen Extraction
FU   Follow-up
GA   Gestational Age
GI   Gastrointestinal
GMFCS   Gross Motor Functioning Classification System
GMH   Germinal Matrix Hemorrhage
Hb   Hemoglobin
HC   Head Circumference
IC   Intensive Care 
I-FABP   Intestinal-Fatty Acid Binding Protein
I-FABPu   Urinary Intestinal-Fatty Acid Binding Protein
intFTOE   Intestinal Fractional Tissue Oxygen Extraction
IQR   Interquartile Range
IVH   Intraventricular Hemorrhage
MABP   Mean Arterial Blood Pressure
NEC   Necrotizing Enterocolitis
NICU   Neonatal Intensive Care Unit
NIRS   Near-Infrared Spectroscopy
NPO   Nil per Mouth
NPV   Negative Predictive Value
OR   Odds Ratio
pCO2   Partial Pressure of Carbon Dioxide
PDA   Patent Ductus Arteriosus
PMA   Postmenstrual Age
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Abbreviations

9

PN    Parenteral Nutrition
PNA   Postnatal Age
PPV   Positive Predictive Value
PVL   Periventricular Leucomalacia
rSO2   Regional Oxygen Saturation
rcSO2   Regional Cerebral Oxygen Saturation
rintSO2   Regional Intestinal Oxygen Saturation
ROC   Receiver Operating Characteristic
SD   Standard Deviation
SE   Standard Error of the Mean
SGA   Small for Gestational Age
SIP   Spontaneous Intestinal Perforation
SMA   Superior Mesenteric Artery
SNAPPE-II  Score for Neonatal Acute Physiology - Perinatal Extension II
SpO2   Transcutaneous Arterial Oxygen Saturation
TPE   Transient Periventricular Echodensities
TPN   Total parenteral Nutrition
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