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Chapter 8

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 
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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. 

 



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: 178PDF page: 178PDF page: 178PDF page: 178

178

Chapter 8

REFERENCES

1. Neu J. Preterm infants nutrition, gut bacteria, and necrotizing entercolitis. Curr Opin 

Clin Nutr Metab Care. 2015;18:285-288.
2. Caplan MS, Fanaroff A. Necrotizing: A historical perspective. Semin Perinatol. 

2017;41:2-6.
3. Dominguez KM, Moss RL. Necrotizing enterocolitis. Clin Perinatol. 2012;39:387-401.
4. Sharma R, Hudak ML. A clinical perspective of necrotizing enterocolitis: past, present, 

and future. Clin Perinatol. 2013;40:27-51.
5. Bozzetti V, Tagliabue PE. Enteral feeding of intrauterine growth restriction preterm 

infants: theoretical risks and practical implications. Pediatr Med Chir. 2017;39:160.
6. McCurnin D, Clyman RI. Effects of a patent ductus arteriosus on postprandial mesenteric 

perfusion in premature baboons. Pediatrics. 2008;122:e1262-e1267.
7. Buckley NM, Brazeau P, Frasier ID. Intestinal and femoral blood flow autoregulation in 

developing swine. Biol. Neonate. 1986;49:229-240.
8. Nowicki PT, Hansen NB, Menke JA. Intestinal blood flow and oxygen uptake in the 

neonatal piglet during reduced perfusion pressure. Am J Physiol. 1987; 252:G190-G194.  
9. Nowicki PT, Miller C. Autoregulation in the developing postnatal intestinal circulation. 

Am J Physiol 1990;254 G189-G193.
10. Crissinger KD, Burney DL. Postprandial hemodynamics and oxygenation in developing 

piglet intestine. Am J Physiol. 1991;260:G951-G957.
11. Shepherd AP. Role of capillary recruitment in the regulation of intestinal oxygenation. 

Am J Physiol. 1982;242:G435-G441.
12. Nowicki PT, Miller CE. Flow-induced dilation in newborn intestine. Pediatr Res. 

1995;38:783-791.
13. Chaaban H, Stonestreet BS. Intestinal hemodynamics and oxygenation in the perinatal 

period. Semin Perinatol. 2012;36:260-268.
14. Szabo JS, Mayfield SR, Oh W, Stonestreet BS. Postprandial gastrointestinal blood 

flow and oxygen consumption: effects of hypoxemia in neonatal piglets. Pediatr Res. 
1987;21:93-98.

15. Nankervis CA, Giannone PJ, Reber KM. The neonatal intestinal vasculature: contributing 
factors to necrotizing enterocolitis. Semin Perinatol. 2008;32:83-91.

16. Nowicki PT. Ischemia and necrotizing enterocolitis: where, when, and how. Semin 

Pediatr Surg. 2005;14:152-158.
17. Corvaglia L, Martini S, Battistini B, Rucci P, Faldella G, Aceti A. Splanchnic oxygenation 

at first enteral feeding in preterm infants: Correlation with feeding intolerance. J 

Pediatr Gastroenterol Nutr. 2017;64:550-554.
18. Gillam-Krakauer M, Cochran CM, Slaughter JC, Polavarapu S, McElroy SJ, Hernanz-

Schulman M, Engelhardt B. Correlation of abdominal rSO2 with superior mesenteric 
artery velocities in preterm infants. J Perinatol. 2013;33:609-612.



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: 179PDF page: 179PDF page: 179PDF page: 179

179

 General Discussion and Future Perspectives

8

19. Corvaglia L, Martini S, Battistini B, Rucci P, Aceti A, Faldella G. Bolus vs. continuous 
feeding: Effects on splanchnic and cerebral tissue oxygenation in healthy preterm 
infants. Pediatr Res. 2014;76:81-85.

20. Lane AJ, Coombs RC, Evans DH, Levin RJ. Effect of feed interval and feed type on 
splanchnic haemodynamics. Arch Dis Child Fetal Neonatal Ed. 1998;79:F49-F53.

21. Dani C, Pratesi S, Barp J, Bertini G, Gozzini E, Mele L, Parrini L. Near-infrared 
spectroscopy measurements of splanchnic tissue oxygenation during continuous 
versus intermittent feeding method in preterm infants. J Pediatr Gastroenterol Nutr. 
2013;56:652-656.

22. Dave V, Brion LP, Campbell DE, Scheiner M, Raab C, Nafday SM. Splanchnic tissue 
oxygenation, but not brain tissue oxygenation, increases after feeds in stable preterm 
neonates tolerating full bolus orogastric feeding. J Perinatol. 2009;29:213-218.

23. Bozzetti V, Paterlini G, De Lorenzo P, Gazzolo D, Valsecchi MG, Tagliabue PE. Impact of 
continuous vs bolus feeding on splanchnic perfusion in very low birth weight infants: A 
randomized trial. J Pediatr. 2016;176:86-92.e2.

24. Matheson PJ, Wilson MA, Garrison RN. Regulation of intestinal blood flow. J Surg Res. 
2000;93:182-196.

25. Ehrenkranz RA, Dusick AM, Vohr BR, Wright LL, Wrage LA, Poole WK. Growth in the 
neonatal intensive care unit influences neurodevelopmental and growth outcomes of 
extremely low birth weight infants. Pediatrics. 2006;117:1253–1261.

26. Franz AR, Pohlandt F, Bode H, et al. Intrauterine, early neonatal, and postdischarge 
growth and neurodevelopmental outcome at 5.4 years in extremely preterm infants 
after intensive neonatal nutritional support. Pediatrics. 2009;123:e101-e109.

27. Mintzer JP, Moore JE. Regional tissue oxygenation monitoring in the neonatal 
intensive care unit: evidence for clinical strategies and future directions. Pediatr Res. 
2019;86:296-304.

28. Kennedy KA, Tyson JE, Chamnanvanikij S. Early versus delayed initiation of progressive 
enteral feedings for parenterally fed low birth weight or preterm infants. Cochrane 

Database Syst Rev. 2000;2:CD001970.
29. Dorling J, Abbott J, Berrington J, Bosiak B, Bowler U, Boyle E, et al; SIFT Investigators 

Group. Controlled Trial of Two Incremental Milk-Feeding Rates in Preterm Infants. N 

Engl J Med. 2019;381:1434-1443.
30. Wang Y, Zhu W, Luo BR. Continuous feeding versus intermittent bolus feeding for 

premature infants with low birth weight: a meta-analysis of randomized controlled 
trials. Eur J Clin Nutr. 2019;Epub ahead of print.

31.  Premji SS, Chessell L. Continuous nasogastric milk feeding versus intermittent bolus 
milk feeding for premature infants less than 1500 grams. Cochrane Database Syst Rev. 
2011;11:CD001819. 

32. Bazacliu C, Neu J. Pathophysiology of Necrotizing Enterocolitis: An Update. Curr 

Pediatr Rev. 2019;15:68-87.



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: 180PDF page: 180PDF page: 180PDF page: 180

180

Chapter 8

33. Chen Y, Koike Y, Chi L, Ahmed A, Miyake H, Li B, Lee C, Delgado-Olguín P, Pierro A. 
Formula Feeding and Immature Gut Microcirculation Promote Intestinal Hypoxia leading 
to Necrotizing Enterocolitis. Dis Model Mech. 2019; Epub ahead of print.

34. Salvo Romero E, Alonso Cotoner C, Pardo Camacho C, Casado Bedmar M, Vicario M. The 
intestinal barrier function and its involvement in digestive disease. Rev Esp Enferm Dig. 
2015;107:686-696.

35. Shiou SR, Yu Y, Chen S, Ciancio MJ, Petrof EO, Sun J, Claud EC. Erythropoietin protects 
intestinal epithelial barrier function and lowers the incidence of experimental neonatal 
necrotizing enterocolitis. J Biol Chem. 2011;286:12123-12132. 

36. Lin PW, Nasr TR, Stoll BJ. Necrotizing enterocolitis: recent scientific advances in 
pathophysiology and prevention. Semin Perinatol. 2008;32:70–82.

37. Hackam DJ, Sodhi CP. Toll-Like Receptor-Mediated Intestinal Inflammatory Imbalance 
in the Pathogenesis of Necrotizing Enterocolitis. Cell Mol Gastroenterol Hepatol. 
2018;6:229-238.e1.

38. Mϋller MJ, Paul T, Seeliger S. Necrotizing enterocolitis in premature infants and 
newborns. J Neonatal Perinatal Med. 2016;9:233-242.

39. Cruz D, Bazacliu C. Enteral feeding composition and necrotizing enterocolitis. Semin 

Fetal Neonatal Med. 2018;23:406-410.
40. Lin PW, Stoll BJ. Necrotising enterocolitis. Lancet. 2006;368:1271-1283.  
41. Neu J, Walker WA. Necrotizing enterocolitis. N Engl J Med. 2011;364:255-264. 
42. Schat TE, Schurink M, van der Laan ME, Hulscher JB, Hulzebos CV, Bos AF, Kooi EM. 

Near-Infrared Spectroscopy to Predict the Course of Necrotizing Enterocolitis. PLoS 

One. 2016;11:e0154710.
43. Patel AK, Lazar DA, Burrin DG, Smith EO, Magliaro TJ, Stark AR, Brandt ML, Zamora 

IJ, Sheikh F, Akinkuotu AC, Olutoye OO. Abdominal near-infrared spectroscopy 
measurements are lower in preterm infants at risk for necrotizing enterocolitis. Pediatr 

Crit Care Med. 2014;15:735-741.
44. Fortune PM, Wagstaff M, Petros AJ. Cerebro-splanchnic oxygenation ratio (CSOR) using 

near infrared spectroscopy may be able to predict splanchnic ischaemia in neonates. 
Intensive Care Med. 2001;27:1401-1407.

45. Schat TE, Heida FH, Schurink M, van der Laan ME, Hulzebos CV, Bos AF, Kooi EM, Hulscher 
JBF. The relation between splanchnic ischaemia and intestinal damage in necrotising 
enterocolitis. Arch Dis Child Fetal Neonatal Ed. 2016;101:F533-F539.

46. Reisinger KW, Derikx JP, Thuijls G, van der Zee DC, Brouwers HA, van Bijnen AA, Wolfs 
TG, van Heurn LW, Buurman WA, Kramer BW. Noninvasive measurement of intestinal 
epithelial damage at time of refeeding can predict clinical outcome after necrotizing 
enterocolitis. Pediatr Res. 2013;73:209-213.

47. Thuijls G, Derikx JP, van Wijck K, Zimmermann LJ, Degraeuwe PL, Mulder TL, Van 
der Zee DC, Brouwers HA, Verhoeven BH, van Heurn LW, Kramer BW, Buurman WA, 
Heineman E. Non-invasive markers for early diagnosis and determination of the severity 
of necrotizing enterocolitis. Ann Surg. 2010;251:1174-1180.



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: 181PDF page: 181PDF page: 181PDF page: 181

181

 General Discussion and Future Perspectives

8

48. Schurink M, Kooi EM, Hulzebos CV, Kox RG, Groen H, Heineman E, Bos AF, Hulscher 
JB. Intestinal fatty acid-binding protein as a diagnostic marker for complicated and 
uncomplicated necrotizing enterocolitis: a prospective cohort study. PLoS One. 2015; 
10:e0121336.

49. Heida FH, Hulscher JB, Schurink M, Timmer A, Kooi EM, Bos AF, Bruggink JL, Kasper 
DC, Pones M, Benkoe T. Intestinal fatty acid-binding protein levels in Necrotizing 
Enterocolitis correlate with extent of necrotic bowel: results from a multicenter study. 
J Pediatr Surg. 2015;50:1115-1158.

50. Ioannou HP, Diamanti E, Piretzi K, Drossou-Agakidou V, Augoustides-Savvopoulou P. 
Plasma citrulline levels in preterm neonates with necrotizing enterocolitis. Early Hum 

Dev. 2012;88:563-566.
51. Celik IH, Demirel G, Canpolat FE, Dilmen U. Reduced plasma citrulline levels in low 

birth weight infants with necrotizing enterocolitis. J Clin Lab Anal. 2013;27:328-332.
52. Robinson JL, Smith VA, Stoll B, Agarwal U, Premkumar MH, Lau P, Cruz SM, Manjarin R, 

Olutoye O, Burrin DG, Marini JC. Prematurity reduces citrulline-arginine-nitric oxide 
production and precedes the onset of necrotizing enterocolitis in piglets. Am J Physiol 

Gastrointest Liver Physiol. 2018;315:G638-G649.
53. Patel P, Bhatia J. Total parenteral nutrition for the very low birth weight infant. Semin 

Fetal Neonatal Med. 2017;22:2-7.
54. B.A. Carter, R.J. Shulman, Mechanism of disease: update on the molecular etiology 

and fundamentals of parenteral nutrition associated cholestasis. Nat Clin Pract 

Gastroenterol Hepatol. 2007;4:277-287.
55. R.D. Christensen, E. Henry, S.E. Wiedmeier, J. Burnett, D.K. Lambert, Identifying 

patients, on the first day of life, at high-risk of developing parenteral nutrition-
associated liver disease. J Perinotol. 2007;27:284-290.

56. Stringer MD, Brereton RJ, Drake DP, Kiely EM, Capps SNJ,  Spitz L. Recurrent necrotizing 
enterocolitis. J Pediatr Surg. 1993;28:979-981.

57. Thyoka M, Eaton S, Hall NJ, Drake D, Kiely E, Curry J, Cross K, de Coppi P, Pierro A. 
Advanced Necrotizing Enterocolitis Part 2: Recurrence of Necrotizing Enterocolitis. Eur 

J Pediatr Surg. 2012;22:13-16.
58. Oste M, Van Haver E, Thymann T, Sangild P, Weyns A, Van Ginneken CJ. Formula induces 

intestinal apoptosis in preterm pigs within a few hours of feeding. JPEN J Parenter 

Enteral Nutr. 2010;34:271–279.
59. Flück K, Fandrey J. Oxygen sensing in intestinal mucosal inflammation. Pflugers Arch. 

2016;468:77-84.
60. Korček P, Straňák Z, Širc J, Naulaers G. The role of near-infrared spectroscopy 

monitoring in preterm infants. J Perinatol. 2017;37:1070-1077.
61. da Costa CS, Greisen G, Austin T. Is near-infrared spectroscopy clinically useful in the 

preterm infant? Arch Dis Child Fetal Neonatal Ed. 2015;100:F558-F561.



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: 182PDF page: 182PDF page: 182PDF page: 182

182

Chapter 8

62. Sood BG, McLaughlin K, Cortez J. Near-infrared spectroscopy: applications in neonates. 
Semin Fetal Neonatal Med. 2015;20:164-172.

63. Marin T, Moore J. Understanding near-infrared spectroscopy. Adv Neonatal Care. 
2011;11:382-388.

64. Greisen G, Leung T, Wolf M. Has the time come to use near-infrared spectroscopy as a 
routine clinical tool in preterm infants undergoing intensive care? Philos Trans A Math 

Phys Eng Sci. 2011;369:4440-4451.
65. Martini S, Corvaglia L. Splanchnic NIRS monitoring in neonatal care: rationale, current 

applications and future perspectives. J Perinatol. 2018;38:431-443.
66. Cerbo RM, Maragliano R, Pozzi M, Strocchio L, Mostert M, Manzoni P, Stronati M. Global 

perfusion assessment and tissue oxygen saturation in preterm infants: where are we? 
Early Hum Dev. 2013;89:S44-S46.

67. Pichler G, Wolf M, Roll C, Weindling MA, Greisen G, Wardle SP, Zaramella P, Naulaers 
G, Pellicer A, Austin T, Bartocci M, Urlesberger B. Recommendations to increase the 
validity and comparability of peripheral measurements by near infrared spectroscopy 
in neonates. Neonatology. 2008;94:320-322.

68. 68. Cortez J, Gupta M, Amaram A, Pizzino J, Sawhney M, Sood BG. Noninvasive evaluation 
of splanchnic tissue oxygenation using near-infrared spectroscopy in preterm neonates. 
J Matern Fetal Neonatal Med. 2011;24:574-582.

69. Kalteren WS, Kuik SJ, Van Braeckel KNJA, Hulscher JBF, Bos AF, Kooi EMW, van der Laan 
ME. Red Blood Cell Transfusions Affect Intestinal and Cerebral Oxygenation Differently in 
Preterm Infants with and without Subsequent Necrotizing Enterocolitis. Am J Perinatol. 
2018;35:1031-1037.

70. Wijnands KA, Castermans TM, Hommen MP, Meesters DM, Poeze M. Arginine and 
citrulline and the immune response in sepsis. Nutrients. 2015;7:1426-1463.

71. Ligthart-Melis GC1, van de Poll MC, Boelens PG, Dejong CH, Deutz NE, van Leeuwen PA. 
Glutamine is an important precursor for de novo synthesis of arginine in humans. Am J 

Clin Nutr. 2008;87:1282-1289.
72. Babu S, Prasad M, Miller M, Morrissey M, Bhutada A, Rojas M, Rastogi S. Use of serum 

citrulline concentrations from routine newborn screen as a biomarker for necrotizing 
enterocolitis. Pediatr Surg Int. 2019;35:715-722.

73. Englund A, Rogvi RÁ, Melgaard L, Greisen G. Citrulline concentration in routinely 
collected neonatal dried blood spots cannot be used to predict necrotising enterocolitis. 
Acta Paediatr. 2014;103:1143-1147.

74. Walsh MC, Kliegman RM, Hack M. Severity of necrotizing enterocolitis: influence on 
outcome at 2 years of age. Pediatrics. 1989;84:808-814.

75. Mayr J, Fasching G, Höllwarth ME. Psychosocial and psychomotoric development of 
very low birthweight infants with necrotizing enterocolitis. Acta Paediatr Suppl. 
1994;396:96-100.



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: 183PDF page: 183PDF page: 183PDF page: 183

183

 General Discussion and Future Perspectives

8

76. Vohr BR, Wright LL, Dusick AM, Mele L, Verter J, Steichen JJ, Simon NP, Wilson DC, 
Broyles S, Bauer CR, Delaney-Black V, Yolton KA, Fleisher BE, Papile LA, Kaplan MD. 
Neurodevelopmental and functional outcomes of extremely low birth weight infants 
in the NICHD Neonatal Research Network, 1993–1994. Pediatrics. 2000;105:1216-1226.  

77. Rees CM, Pierro A, Eaton S. Neurodevelopmental outcomes of neonates with medically 
and surgically treated necrotizing enterocolitis. Arch Dis Child Fetal Neonatal Ed. 
2007;92:F193-F198.

78. Hintz SR, Kendrick DE, Stoll BJ, Vohr BR, Fanaroff AA, Donovan EF, Poole WK, Blakely 
ML, Wright L, Higgins R; NICHD Neonatal Research Network. Neurodevelopmental and 
growth outcomes of extremely low birth weight infants after necrotizing enterocolitis. 
Pediatrics. 2005;115:696-703.

79. Adams-Chapman I. Necrotizing Enterocolitis and Neurodevelopmental Outcome. Clin 

Perinatol. 2018;45:453-466. 
80. Hansen ML, Jensen IV, Gregersen R, Juhl SM, Greisen G. Behavioural and 

neurodevelopmental impairment at school age following necrotising enterocolitis in 
the newborn period. PLoS One. 2019;14:e0215220.

81. S.M. Schulzke, G.C. Deshpande, S.K. Patole. Neurodevelopmental outcomes of very low 
birth weight infants with necrotizing enterocolitis: a systematic review of observational 
studies. Arch Pediatr Adolesc Med. 2007;161:583-590. 

82. Ta BD, Roze E, van Braeckel KN, Bos AF, Rassouli-Kirchmeier R, Hulscher JB. Long-
term neurodevelopmental impairment in neonates surgically treated for necrotizing 
enterocolitis: enterostomy associated with a worse outcome. Eur J Pediatr Surg. 
2011;21:58-64.

83. Roze E, Ta BD, van der Ree MH, Tanis JC, van Braeckel KN, Hulscher JB, Bos AF. Functional 
impairments at school age of children with necrotizing enterocolitis or spontaneous 
intestinal perforation. Pediatr Res. 2011;70:619-625.

84. Kooi EMW, Verhagen EA, Elting JWJ, Czosnyka M, Austin T, Wong FY, Aries MJH. Measuring 
cerebrovascular autoregulation in preterm infants using near-infrared spectroscopy: an 
overview of the literature. Expert Rev Neurother. 2017;17:801-818.

85. Wong FY, Leung TS, Austin T, Wilkinson M, Meek JH, Wyatt JS, Walker AM. Impaired 
autoregulation in preterm infants identified by using spatially resolved spectroscopy. 
Pediatrics. 2008;121:e604-e611.

86. Wong FY, Silas R, Hew S, Samarasinghe T, Walker AM. Cerebral oxygenation is highly 
sensitive to blood pressure variability in sick preterm infants. PLoS One. 2012;7:e43165.

87. Greisen G. Autoregulation of cerebral blood flow in newborn babies. Early Hum Dev. 
2005;81:423-428.

88. Brew N, Walker D, Wong FY. Cerebral vascular regulation and brain injury in preterm 
infants. Am J Physiol Regul Integr Comp Physiol. 2014;306:R773-R786. 



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: 184PDF page: 184PDF page: 184PDF page: 184

184

Chapter 8

89. Soul JS, Hammer PE, Tsuji M, Saul JP, Bassan H, Limperopoulos C, Disalvo DN, Moore M, 
Akins P, Ringer S, Volpe JJ, Trachtenberg F, du Plessis AJ. Fluctuating pressure-passivity 
is common in the cerebral circulation of sick preterm infants. Pediatr Res 2007;61:467-
473.

90. Tsuji M, Saul JP, du Plessis A, Eichenwald E, Sobh J, Crocker R, Volpe JJ. Cerebral 
intravascular oxygenation correlates with mean arterial pressure in critically ill 
premature infants. Pediatrics 2000;106:625-632.

91. Verhagen EA, Hummel LA, Bos AF, Kooi EM. Near-infrared spectroscopy to detect 
absence of cerebrovascular autoregulation in preterm infants. Clin Neurophysiol. 
2014;125:47-52.

92. Schat TE, van der Laan ME, Schurink M, Hulscher JB, Hulzebos CV, Bos AF, Kooi EM. 
Assessing cerebrovascular autoregulation in infants with necrotizing enterocolitis using 
near-infrared spectroscopy. Pediatr Res. 2016;79:76-80.

93. Rhee CJ, da Costa CS, Austin T, Brady KM, Czosnyka M, Lee JK. Neonatal cerebrovascular 
autoregulation. Pediatr Res. 2018;84:602-610.

94. Haruda FD. The structure of blood vessels in the germinal matrix and the autoregulation 
of cerebral blood flow in premature infants. Pediatrics. 2001;108:1050–1051.

95. Pryds O, Greisen G, Skov LL, Friis-Hansen B, Carbon dioxide-related changes in cerebral 
blood volume and cerebral blood flow in mechanically ventilated preterm neonates: 
comparison of near infrared spectrophotometry and 133Xenon clearance. Pediatr Res.  
1990;27:445-449.

96. Kaiser JR, Gauss CH, Williams DK. The effects of hypercapnia on cerebral autoregulation 
in ventilated very low birth weight infants. Pediatr Res. 2005;58:931-935.

97. Rhondali O, Mahr A, Simonin-Lansiaux S, et al. Impact of sevoflurane anesthesia on 
cerebral blood flow in children younger than 2 years. Paediatr Anaesth. 2013;23:946-
951.

98. W.H. Yee, A.S. Soraisham, V.S. Shah, K. Aziz, W. Yoon, S.K. Lee, Canadian Neonatal 
Network. Incidence and timing of presentation of necrotizing enterocolitis in preterm 
infants. Pediatrics. 2012;129:298–304.

99. L.M. Hortensius, R.M. van Elburg, C.H. Nijboer, M.J.N.L. Benders, C.G.M. de Theije. 
Postnatal Nutrition to Improve Brain Development in the Preterm Infant: A Systematic 
Review From Bench to Bedside. Front. Physiol. 2019;10:961.

100. Cormack BE, Harding JE, Miller SP, Bloomfield FH. The Influence of Early Nutrition on 
Brain Growth and Neurodevelopment in Extremely Preterm Babies: A Narrative Review. 
Nutrients. 2019;11. 

101. Clouchoux C, Guizard N, Evans AC, du Plessis AJ, Limperopoulos C. Normative fetal 
brain growth by quantitative in vivo magnetic resonance imaging. Am. J. Obs. Gynecol. 
2012;206:173.e1–173.e8.



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: 185PDF page: 185PDF page: 185PDF page: 185

185

 General Discussion and Future Perspectives

8

102. K. Keunen, R.M. van Elburg, F. van Bel, M.J.N.L. Benders. Impact of nutrition on brain 
development and its neuroprotective implications following preterm birth. Pediatr 

Res. 2015;77:148–155.
103. Boardman JP, Counsell SJ. Factors associated with atypical brain development in preterm 

infants: insights from magnetic resonance imaging. Neuropathol Appl Neurobiol. 2019; 
Epub ahead of print.

104. Schneider J, Fischer Fumeaux CJ, Duerden EG, Guo T, Foong J, Graz MB, Hagmann 
P, Chakravarty MM, Hüppi PS, Beauport L, Truttmann AC, Miller SP. Nutrient Intake 
in the First Two Weeks of Life and Brain Growth in Preterm Neonates. Pediatrics. 
2018;141:e20172169.

105. K.M. Ottolini, N. Andescavage, S. Keller, C. Limperopoulos. Nutrition and the developing 
brain: the road to optimizing early neurodevelopment: a systematic review. Pediatr 

Res. 2019; Epub ahead of print.
106. Vinall J, Grunau RE, Brant R, Chau V, Poskitt KJ, Synnes AR, Miller SP. Slower postnatal 

growth is associated with delayed cerebral cortical maturation in preterm newborns. 
Sci. Transl. Med. 2013;5:168ra8.

107. Biouss G, Antounians L, Li B, O’Connell JS, Seo S, Catania VD, Guadagno J, Rahman A, 
Zani-Ruttenstock E, Svergun N, Pierro A, Zani A. Experimental necrotizing enterocolitis 
induces neuroinflammation in the neonatal brain. J Neuroinflammation. 2019;16:97.

108. Bennet L, Dhillon S, Lear CA, van den Heuij L, King V, Dean JM, Wassink G, Davidson 
JO, Gunn AJ. Chronic inflammation and impaired development of the preterm brain. J 

Reprod Immunol. 2018;125:45-55.
109. M. Hadders-Algra, Early human motor development: From variation to the ability to 

vary and adapt. Neurosci Biobehav Rev. 2018;90:411-427. 
110. Lindeboom GA. The Hippocratic oath and its “substituted offspring”, our professional 

oath. Ned Tijdschr Geneeskd. 1985;129:1438-1443.
111. van Everdingen JJ, Horstmanshoff HF. The new medical oath in The Netherlands. Ned 

Tijdschr Geneeskd. 2005;149:1062-1067.
112. Erkelens DW, Breetvelt EJ, Briët JW, et al. Nederlandse artseneed (inclusief Eed van 

Hippocrates/Verklaring van Genève) richtlijn. 2003; KNMG uitgave – versie 3.0. 
113. Harron K, Woolfall K, Dwan K, Gamble C, Mok Q, Ramnarayan P, Gilbert R. Deferred 

Consent for Randomized Controlled Trials in Emergency Care Settings. Pediatrics. 
2015;136:e1316-e1322.

114. Janvier A, Bourque CJ, Dahan S, Robson K, Barrington KJ; on behalf of the Partenariat 
Famille (PAF) team. Integrating Parents in Neonatal and Pediatric Research. 
Neonatology. 2019;115:283-291.

115. Webbe JWH, Duffy JMN, Afonso E, Al-Muzaffar I, Brunton G, Greenough A, et al. Core 
outcomes in neonatology: development of a core outcome set for neonatal research. 
Arch Dis Child Fetal Neonatal Ed. 2019; Epub ahead of print.



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: 186PDF page: 186PDF page: 186PDF page: 186


	Chapter 8



