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THE BURDEN OF PREMATURITy

Prematurity is defined as birth before 37 weeks of gestational age. Worldwide around 13% 
of infants are born prematurely1. With an annual birth rate of 130 million, this means that 
yearly around 17 million infants are born prematurely. Prematurity was the largest single cause 
of death in children under five in 2016, responsible for almost 1 million deaths worldwide. 
Especially infants with a birth weight below 1500 grams (Very Low Birth Weight infants, VLBW 
infants) and/ or a gestational age below 32 weeks have an increased morbidity and mortality 
risk. Mortality in this subgroup is around 12% the first world while chances of survival in the 
developing world are virtually non-existent 2.

Morbidity in the short term is caused by immaturity of practically all organ systems and the 
immune systems and includes cerebral hemorrhage, respiratory distress syndrome, necrotizing 
enterocolitis (NEC) and sepsis. Long-term morbidity is a result of complications suffered during 
the neonatal period and as a consequence of being exposed to extra-uterine life during a criti-
cal period of (brain) development. The ultimate goal of neonatal (intensive) care is to achieve 
that premature infants not only survive the neonatal period but also that they grow up to be 
healthy adolescents and adults who are able to participate in society.

However, an important long-term complication of prematurity is neurodevelopmental 
impairment. An ever growing number of papers describing long-term outcome after premature 
birth and various interventions in the neonatal period is published. A hallmark study examining 
long-term outcome after prematurity was the Dutch Project on Preterm and Small for Gesta-
tional Age Infants (POPS)3. This cohort of 1338 VLWB and/or infants born before 32 weeks in 
1983 were followed prospectively, 959 (72%) of these infants survived until 19 years of age. At 
19 years of age 32% of these young adults had moderate to severe problems in neurosensory 
functioning, neuromotor functioning and/or participation in society. The problem however, 
when studying long-term outcome, is that today’s outcome is the result of yesterday’s practice. 
Since 1983 the field of neonatal medicine has changed profoundly and nowadays younger and 
more immature infants are surviving to term. More recent, shorter-term, follow-up studies 
suggest that the incidence of neurodevelopmental delay is not decreasing, although mortality 
rates are decreasing 4,5.

All effort should be made to ensure that premature infants not only survive but that they 
also have an outcome comparable to their term born peers. Therefore we need to understand 
the causes for neurodevelopmental delay after premature birth and to search for novel strate-
gies to ameliorate the condition. This is complicated by the fact that the clinical picture of 
neurodevelopmental delay after prematurity is very complex. Even in the absence of major 
abnormalities such as cystic periventriculair leukomalacia (PVL) or intra-ventricular hemor-
rhage, a large proportion of premature infants display a range of mild to moderate cognitive, 
attentional, behavioral, and social-emotional problems. This has been attributed to diffuse 
white matter injuries with consecutive maturational disturbances in brain development6.
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Chapter 1

The etiology of these white matter injuries (WMI) is not completely understood but sev-
eral contributing factors have been identified. Systemic inflammation, caused by e.g. sepsis 
and NEC, seems to play an important role in the development of WMI. During periods of 
systemic inflammation microglia are activated. This results in the release of free radicals and 
pro-inflammatory cytokines which cause injury to pre-oligodendrocytes. The damage is further 
aggravated by periods of cerebral hypoperfusion during hemodynamic instability, as often 
seen during NEC and/or sepsis. Support for this hypothesis comes from magnetic resonance 
imaging studies demonstrating WMI associated with bacterial infections and NEC in premature 
infants 7. Furthermore, in a large cohort of children born between 22 and 32 of gestational 
age, children with proven sepsis had a threefold-increased risk of cerebral palsy and an almost 
twofold-increased risk of neurodevelopmental impairment compared with children who had 
not suffered from any infection 8. Interventions aimed at the prevention of NEC and sepsis 
may therefore not only improve survival rates but are likely to also have beneficial effects on 
neurodevelopmental outcome.

However, also premature infants with an apparently uneventful Neonatal Intensive Care 
Unit (NICU) stay, i.e. without document cerebral hemorrhage or episodes of sepsis/ NEC, may 
found to have neurodevelopmental delays in later life. In recent years it has become apparent 
that a second major determinant of later neurocognitive functioning is related to malnutrition 
during the neonatal period. During the first few days of life much effort and attention of the 
NICU staff will be directed towards stabilization of the premature infant and treating acute 
and/ or immediately life-threatening conditions such as Infant Respiratory Distress Syndrome 
(IRDS) and hyperbilirubinemia. However, during these first instable days to weeks of life large 
nutritional deficits occur due to reason described in the next section. These deficits occur dur-
ing a critical period of brain and body growth and the infant is affected life-long by the sequelae 
of this temporary lack of nutrients. Therefore, it is pivotal that all hospital staff acknowledges 
that preterm birth is a nutritional emergency and that all must be done, both in clinical practice 
as well as in research, to reduce nutritional deficits.

Third trimester in the NICU
VLBW infants are born during a time characterized by rapid brain growth in the healthy fetus. 
In utero, the nutrients required to achieve this rapid growth are continuously supplied through 
the umbilicus. After birth it is the responsibility of the NICU staff to supply the infant with all 
the necessary nutrients to allow for brain development to follow its normal course and to 
compensate for an increased energy expenditure caused by various assaults such as respiratory 
distress syndrome, sepsis and NEC. Since tolerance for enteral nutrition is limited in the first 
few days after premature birth, the infant is dependent on parenteral nutrition.

In the past, physicians often refrained from administration of intravenous amino acids to 
premature neonates in the immediate neonatal phase to avoid metabolic derangements such 
as hyperammonemia and acidosis. We have come to realize that these complications were par-
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tially caused by the method of manufacture and the suboptimal composition of the solutions 
and not so much by intolerance to amino acids itself. Chapter 2 of this thesis describes differ-
ent stable isotope study protocols that can be used to study metabolic processes in humans. 
Stable isotope techniques are very well suited for use in premature neonates because they are 
relatively non-invasive and safe. These techniques have been successfully used to study energy, 
protein and fat requirements of premature neonates but also to study the requirements for 
individual amino acids, as described in Chapter 3.

However, even now metabolic derangements are less of a problem then a few decades 
ago potential fluid overload still forms a problem, especially during the first few days of life. 
Together with other obstacles such as limited venous access this results in the build-up of 
large nutritional deficits during the first days of life. As a result the majority of preterm infants 
slip into poor nutritional status following admission. Hulst et al9 showed that 44% of preterm 
infants drop >1 SD scores in weight-for-age (WFA) scores during NICU admission. The percent-
age of infants that are >2 SD scores below the mean WFA increases from 14% to 55% during 
this period. Six months after discharge, only 15% of children are >2 SD scores below the mean 
WFA, indicating that a large proportion of premature neonates who experience growth failure 
during their hospital admission; undergo catch-up growth after an initial period of malnutrition. 
Recently these results were confirmed by Roelants et al10. Catch-up growth has been associated 
with a favorable neurodevelopmental outcome but also with an increased risk of insulin resis-
tance and obesity in later life 11. Although it still unclear during which period of life (e.g. during 
infancy or after the age of 1 year) catch-up growth has the most impact on later metabolic 
outcome12.

Lack of substrate availability during early life endangers body and organ growth in general 
and brain growth in particular. Poor nutrition and growth are known to have a major effect on 
the subsequent physical health and mental ability of prematurely born children as illustrated 
by Stephens et al 13. They found that in extremely low birth weight infants, after adjusting for 
confounding variables, a 10 kcal /kg/day lower energy intake during the first week of life was 
associated with a 4.6-point decrease in the mental development index at 18 months corrected 
age. Even more striking, 1 g/kg/day less protein was associated with an 8.2-point decrease 
in mental development index. Since adequate growth is best achieved with optimal enteral 
nutrition, and to avoid the complications of prolonged parenteral nutrition (PN), everything 
should be done to bring the intestine in a condition that allows for adequate nutrient supply as 
soon as possible after birth. Several aspects of the premature intestine have to be taken into 
consideration when feeding VLBW infants.

The premature intestine
All of the anatomic structures of the gastrointestinal tract are recognizable and well formed 
by the second trimester. During the second trimester the crypt and villus structures is present 
throughout and also the brush border is structurally well defined. Therefore by 25 weeks’ of 
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Chapter 1

gestation the fetal intestinal epithelium is more or less capable of digesting and absorbing milk 
feeds. However, at that time lactase activity is still less than 25% of that found in term infants. 
Functional maturation of these structures occurs much later, even in the full term infant this 
has not yet been established completely. The first display of this immaturity is feeding intoler-
ance, seen in virtually all premature infants. But also conditions such as NEC and sepsis can 
directly be related to immaturity of the intestine and the intestinal immune system. Necrotizing 
enterocolitis (NEC) is a disease characterized by the sudden onset of inflammation and necrosis 
of the intestine. The condition occurs predominantly in premature infants. The incidence is 
varying between NICU’s but is around 7% in infants weighing 500-1500 gram at birth, with 
related mortality of 20-30%14. Although extensively studied no single causative factor has been 
identified and the pathogenesis has been understood incompletely but is likely to be multifac-
torial and related to immaturity of the intestine and the immune system.

Decreased motility
Development of gastrointestinal motor activity is more slowly than epithelial development. It 
takes until 32 weeks of gestation until all of the muscles and neural structures that are essential 
for peristalsis have developed fully. However, full neural and neuroendocrine integration is not 
achieved until late infancy. As a result intestinal transit time is increased in premature infants, 
limiting the amount of enteral feeding they can tolerate15. Slow transit time might also allow for 
bacterial stasis and an increased interaction between luminal bacteria and the intestinal wall, 
increasing the chance of gut derived sepsis. Enteral feeding, including minimal enteral feeding 
or trophic feeding, stimulates motility16. Trophic feeding also stimulates mucosal maturation. 
So even if infants do not tolerate larger amounts of enteral nutrition they should be given 
trophic feedings soon after birth.

Increased permeability
The inner milieu of the body is separated from the luminal contents, i.e. the outside world 
with potential pathogens and noxious agents, by intestinal epithelial cells called enterocytes. 
Enterocytes adhere to each other through junctional complexes, which are located at the lat-
eral membranes of the cell. These tight junctions serve as gate keepers by not allowing passage 
of macromolecules and bacteria but allowing for essential transfer of fluids, electrolytes, and 
small peptides. A breach in the epithelial layer results in bacterial translocation towards the 
lamina propria and eventually to the blood stream, leading to sepsis. However, translocation 
of intestinal bacteria and their toxic products across a compromised epithelial barrier may 
also activate mucosal immune responses. Anti-inflammatory signals that regulate immune 
responses are still underdeveloped in premature infants17. A small insult might therefore lead 
to an uncontrolled and overwhelming inflammatory response. It has been hypothesized that 
this process of uncontrolled inflammation is one of the major contributors to the pathogenesis 
of NEC, a condition that is characterized by excessive inflammation of the intestinal wall. It is 
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known that during the first days of life the intestinal permeability is higher in preterm infants 
when compared to term controls18. It is hypothesized that a decreased intestinal permeability 
will protect infants from sepsis and NEC. And, if this would result in a decrease in low grade 
inflammation, perhaps it could even be beneficial for brain development. It is known that 
permeability is influenced by external factors. A major determinant of intestinal permeability 
is nutrition. It has been shown in critically ill adult patients that intestinal permeability (deter-
mined by lactuse/mannitol absorption tests) is increased in subjects receiving Total Parenteral 
Nutrition (TPN) as compared to subjects receiving also enteral nutrition19.

Also the type and content of enteral nutrition can influence intestinal integrity. Infants 
receiving the majority of their feeding as human milk display a decreased permeability com-
pared to infants receiving formula20. It is not known which factors, or combination of factors 
is responsible for this effect. However, addition of these factors, once revealed, to enteral 
nutrition of premature infants potentially has beneficial effects on short-term and long-term 
outcome. Chapter 6 of this thesis describes the effects of the addition of insulin growth factor 1 
to infant formula. Determining the effects of novel feeding strategies on intestinal permeability 
with non-invasive and simple techniques will aid in our understanding of the physiology and 
pathology of the premature intestine. Chapter 4 of this thesis describes a minimal invasive 
technique to study intestinal permeability in premature infants.

Decreased secretion of digestive enzymes
Although gastric acid secretion is present shortly after birth in preterm infants, it is decreased 
as compared to term infants. It takes approximately 3 months before adult values are reached21. 
A higher pH of stomach content is a more favorable environment for pathogens to grow in and 
this increases the risk of gut-derived sepsis. In fact, meta-analysis shows that, although there 
is heterogeneity between studies, the use of gastric inhibitory agents further increases the risk 
of NEC and sepsis22. The pancreatic enzymes are secreted into the duodenum by 31 weeks of 
gestation but concentrations are lower compared to term infants.

Decreased protective mucus layer
The mucus layer lining the intestinal epithelium is a critical component of intestinal integrity. 
Bacteria become trapped in this layer, facilitating their removal from the gut and prevent-
ing direct interaction with the epithelial cells. Several components of the mucus matrix are 
influenced by nutrition. A major constituent of the mucus layer are the mucins, with MUC2 
being the predominant mucin. The peptide backbone of MUC 2 contains high amounts of 
threonine, one of the essential amino acids. Isotopic enrichments studies, by techniques such 
as described in chapter 2, have revealed that premature infants have high rates of intestinal 
MUC2 synthesis and that the necessary threonine is derived from the systemic circulation23. 
Providing premature infants with adequate amounts of (essential) amino acids therefore also 
clearly impacts intestinal integrity. Another component of the mucus layer is secretory IgA 
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Chapter 1

(sIgA), immunoglobulins that are present in high amounts in colostrum and to a lesser extent 
in mature breast milk.

Aberrant colonization
The composition of the intestinal microbiome is a major determinant of the health of all human 
beings. The number of diseases associated with aberrant colonization of the gastro-intestinal 
tract is ever growing and includes obesity, inflammatory bowel disease and diabetes. After 
premature birth the assembly of a healthy microbiome is disturbed by factors omnipresent in 
the NICU, most notably administration of broad-spectrum antibiotics and the deviant “micro-
biome” of the NICU itself but also by birth by caesarean section. The intestinal epithelial cells 
are equipped with receptors that interact with parts of bacterial surfaces. Binding of microbial 
structures to intestinal cells leads to cellular responses that are important in a homeostatic 
and host defense pathways. Both commensal intestinal microbes and pathogens can establish 
this interaction with the intestinal epithelial cells. It is thought that, in addition to an abberant 
microbiome, also commensal microorganisms can cause a pro-inflammatory reaction of the 
premature intestine because of a lack of down-regulating factors.

Human milk
The composition of human milk is ever changing to meet the changing infant’s needs: through-
out a feeding (foremilk differs from hindmilk), throughout the day and over the course of lacta-
tion. Human milk and formula both contain nutrients, such as proteins, lipids, carbohydrates, 
minerals, vitamins, and trace elements to fulfill the nutritional needs of infants and ensure 
growth. But human milk also contains non-nutritive factors such immunoglobulins, lactoferrin, 
pre- and probiotics, stem cells and leukocytes which play an important role in host-defense.

Effects of mother’s own milk
Because of ethical reasons no randomized controlled trials have been performed to compare 
the effects of own mother’s milk to formula or donor milk. Therefore our knowledge of the 
effects of feeding premature infants with the milk of their own mother is derived from ob-
servational cohort studies. However, premature infants who receive solely human milk have 
a 6-10 times lower chance of developing NEC as compared to preterm infants who receive 
preterm formula14. This makes it the single most effective strategy in the prevention of NEC. 
Furthermore there’s evidence that feeding premature neonates with expressed breast milk of 
their own mothers protects against late-onset sepsis, as described in Chapter 7 of this thesis 
but also by others24.

How mother’s milk influences the pathophysiology of NEC or sepsis is unknown. Although a 
lot of research effort has been directed towards studying single components of human milk in 
laboratory and clinical settings it is likely that these effects are caused by a synergistic effect of 
immune-related components of both the innate and the acquired immune system in the milk. 
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Some of these factors, such as antimicrobial peptides, are identical for every human and can 
also be found in the milk of other mammals such as cows. This offers the possibility to derive 
these peptides from cows’ milk and add these in higher quantities to preterm formula. Other 
components, such as immunoglobulines, cannot be added easily to formula.

Immune modulating components of breast milk

Immunoglobulines
Even at term birth several aspects of the intestinal host defense system are still developing. All 
human neonates are relatively secretory IgA (sIgA) deficient for the first month of life, making 
them more susceptible to bacterial infection25. Preterm infants have missed (a part of) third 
trimester transplacental immunoglobulin transfer and are less capable of producing immuno-
globulins in the first weeks to months of life.

Human milk contains high amounts of sIgA (0.5 – 1.2 g/L)26. This sIgA is aimed against 
pathogens that the maternal lymphatic tissue in the airways and intestinal system has been 
in contact with recently. Activated B lymphocytes migrate to the mammary glands where they 
secrete immunoglobulines in the milk. If the infant’s intestine contains the same pathogens, 
these will be neutralized. This system works best if mother and infant are in close contact and 
share the same microbial environment. A hospital and especially a NICU is environment with an 
unusual microbial population. Furthermore a mother and her infant are not in as close physi-
cal contact as they would have been at home. One of the potential advantages of kangaroo 
care is transmission of bacteria from child to mother and a subsequently more optimized sIgA 
production.

Lactoferrin
Lactoferrin is a protein with strong antimicrobial, antiviral and antifungal properties. It is 
secreted in tears and saliva but also in human milk. The concentrations in human milk differ 
between 7 g/L (colostrum) and 1 g/L (mature milk), which is several times higher than in bovine 
milk (0.1 g/L)27,28. Bovine lactoferrin is very homologous to human lactoferrin. A recent trial in 
VLBW infants showed that daily supplementation with 100 mg lactoferrin (derived from bovine 
milk) resulted in a reduction in the incidence of sepsis from 17% in the placebo group to 5% in 
the intervention group29. It also resulted in a lower incidence of invasive fungal infections in the 
lactoferrin group (1.3%) as compared to the placebo group (7.7%)30. A daily dose of 100 mg of 
lactoferrin is slightly less than the daily intake of lactoferrin of a child who is fully fed with human 
milk. Meta-analysis shows also effectivity of lactoferrin supplementation31. In vitro, lactoferrin 
has an immune modulating effect by inhibiting the production of pro-inflammatory cytokines32. 
Currently no lactoferrin supplemented preterm formula is available in the Netherlands.
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Chapter 1

Oligosaccharides
Oligosaccharides are from a quantative point of view, after fat and lactose, the most important 
constituent of human milk. The concentration ranges from 20-23 g/L (colostrum) to 12-15 g/L 
(mature milk). Since humans do not possess enzymes to digest milk oligosaccharides it seems 
to be a waste to dedicate 10% of the energy directed towards milk production on the synthesis 
of oligosaccharides. The purpose of this however becomes clear when we consider the effects 
on the intestine and the intestinal flora.

The cell membrane of intestinal epithelial cells contains a large quantity of complex sugar 
molecules such as glycoproteins and mucines. These sugar molecules are the first docking point 
of pathogens to interact with the cells of the host. Oligosaccharides display a large structural 
similarity with the sugars on intestinal epithelial cells and are therefore capable of binding 
certain pathogens. Human milk is unique for containing over two hundred different oligosac-
charides and from animal research provided insight in which oligosaccharides bind which 
pathogens. Supplementation of α1,2-linked fucose to the nutrition of newborn mice after 
exposure to E. Coli increased their survival chances considerably. The composition in the milk of 
individuals is related to Lewis blood group and secretor status. On the basis of this, human milk 
can be divided in four milk type groups. It has been shown that under some conditions certain 
milk groups can provide a substantial advantage. Children who are being fed with milk with a 
relatively high concentration of α 1,2-fucosyloligosaccharides (milk group 3) have a lower inci-
dence of E. Coli gastroenteritis as compared to children who are being fed with milk group 133. 
The prevalence of secretors and non-secretors differs between geographical regions. Secretors 
are individuals who secrete blood type antigens in their exocrine body fluids, in non-secretors 
these antigens are (almost) not detectable in their secretions. Recently it has been discovered 
that secretors secrete a significantly larger amount of neutral oligosaccharides in their milk34. 
In Europe the prevalence of non-secretors is high (20%) as compared to for example Mexico 
(1%). It has been suggested that this difference is caused by lower survival chances of infants of 
non-secretors in areas with a high infection incidence34.

Oligosaccharides are also known to prevent infection by binding to the epithelial cells of the 
host. A good example of this is the prevention of vertical HIV transmission by Lewis X. DC-SIGN, 
a receptor for HIV on dendritical cells in the intestine, can also be binded by Lewis X after which 
the HIV virus can no longer bind. Therefore the milk of HIV infected mothers also contains an 
intrinsic mechanism that protects against transmission35. By binding to receptors on epithelial 
cells or dendritic cells oligosaccharides can exhibit an immunomodulating effect and therefore 
also play a regulating role in inflammation, such as seen in NEC.

Lastly, oligosaccharides also have a prebiotic effect by selectively stimulating the growth of 
lactobacilli and bifido bacteria. The mixture of oligosaccharides in human milk is too complex 
to reproduce for addition to infant formula, but synthetic galacto- and fructo-oligosaccharides, 
that have shown to also have an prebiotic effect, are being added to many infant formulas36.
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Bacteria
With the development of bacterial 16S rRNA techniques it has become apparent that hu-
man milk is a rich source of commensal bacteria for the just about sterile intestine of the 
newborn. Also milk that is expressed under sterile conditions contains bacteria from several 
genera: streptococci and staphylococci but also lactobacilli and bifidobacteria. The origin of 
these bacteria is unknown. Traditionally it has been suggested that they originated from the 
maternal skin and/or were transferred from the birth canal via the infants mouth. Although 
there are similarities between the milk and skin flora of an individual, these similarities are 
too small to assume the skin is the only source. It has been suggested that bacteria from the 
maternal intestine can reach the mammary glands via the maternal circulation, after being 
phagocytized by leukocytes37. Lactic acid bacteria have the capacity to inhibit the growth of 
pathogens by competitive exclusion and by the excretion of antimicrobial substances, such as 
hydrogen peroxide.

Although meta-analysis shows that supplementation of probiotics reduces the incidence of 
NEC in premature neonates, there is no valid, scientifically based advice about which strain and 
what amount of probiotics should be administered nor when to start 38,39. Despite the fact that 
probiotics as such are the best tested intervention for prematures with over 10.000 infants in 
randomized studies, no single or combination of strains has proven to be repeatedly effective 
in reducing NEC , sepsis or mortality. This, coupled with a lack of systematic studies on the 
long-term effects, explains why probiotics are not being supplemented on a large scale. Re-
cently probiotics have been supplemented to premature neonates in the Erasmus MC – Sophia 
Children’s Hospital but not in the other NICU’s in the Netherlands40.

Cytokines and growth factors
Cytokines and growth factors are proteins that transmit signals between cells. A large number 
of cells is capable of producing cytokines, e.g. leukocytes but also epithelial and mesenchymal 
cells. Human milk contains various cytokines and growth factors. For example Transforming 
Growth Factor-β, which is an important factor to maintain homeostasis in epithelial cells but 
which is also important for differentiation of certain types of T lymphocytes. Also interleukine 
(IL)7 is excreted in milk, which, after transportation across the epithelial barrier, plays a role in 
the homeostasis of T-lymphocytes in lymphoid tissues such as the Gut Associated Lymphoid 
Tissue (GALT). In addition to regulatory cytokines, also pro-inflammatory cytokines are secreted 
in human milk. For other cytokines, such as IL-17 and IL-22 which are important for maintain-
ing a healthy intestinal barrier, it is currently still unknown if they are present in human milk. 
All in all it can be concluded that human milk contains a balanced amount of pro- and anti-
inflammatory cytokines that maintain the integrity of the epithelium and stimulate immunity. 
Several of these factors are also present in the milk of other species. These factors can be 
added to infant formula. The effects on the addition of Insuline-like Growth Factor-1 to infant 
formula is described in this thesis in chapter 6.
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Chapter 1

Leukocytes
Human milk contains leukocytes at a concentration of 0.15 x 109 /L (colostrum) to 0.024 x 
109 /L(mature milk)41. These amounts are substantially, but considerably lower than reference 
values in blood (4-10 x 109 /L). Maternal macrophages contain immunoglobuline A (IgA), 
which they presumably engulf in the mammary gland. When these macrophages disintegrate 
in the neonatal intestine the released IgA can neutralize pathogens. In addition to this they 
can macrophage pathogens in the neonatal intestine and subsequently excrete cytokines and 
other immune regulating factors. There is limited knowledge on the purpose of neutrophiles in 
human milk but it is presumed they play a role in the prevention of mastitis. Also the function 
of lymphocytes is not yet fully understood. It has been hypothesized that activated T cells from 
maternal origin both compensate for the immature function of neonatal T cells and promote 
their maturation. From animal studies we know that these cells can traverse the epithelium 
and that they are taken up in the local lymph nodes. Already in the 1980’s it was observed that 
children receiving a kidney transplantation from their mother showed a lower rejection rate 
when they were breast fed during infancy as compared to children who were formula fed.

Donor milk
From the above it can be concluded that human milk contains many factors that protect against 
infection but also has immune modulating capacities that aid the neonatal immune system to 
find a right balance between inflammation and tolerance. Unfortunately own mother’s milk is 
often unavailable for preterm infants, especially during the first and most vulnerable days of 
life. In this case there are two alternatives: donor milk and preterm formula. Many interna-
tional organizations such as the World Health Organization (WHO), American Association of 
Pediatrics (AAP) and European Society for Pediatric Gastroenterology Hepatology and Nutrition 
(ESPGHAN) advocate the use of donor milk over preterm formula, although the evidence is 
limited as described in Chapter 8 of this thesis.

The first European milk bank was founded in Vienna in 1909. After World War II there 
were a lot of malnourished children in the Netherlands. In order to improve the nutritional 
status of these children professor Creveld, head of the Children’s Clinic of the Binnen Gasthuis, 
opened the Dutch Human Milk Station (Nederlandse Moedermelk Centrale, NMC). The NMC 
only provided donor milk to sick and premature neonates. Over the course of time the public 
opinion on the benefits of human milk changed profoundly and the incidence of breast feed-
ing mothers decreased substantially. The NMC was forced to close its doors in 1973. In other 
European countries milk banks remained to exist until the outbreak of the HIV epidemic in 
the 1980’s and the discovery that the virus was also secreted in breast milk42. Worldwide the 
majority of milk banks closed. Since the 1990’s the number of milk banks is increasing again as 
a consequence of a renewed insight in the benefits of human milk and the improved screening 
methods for donors. Currently, over 200 European human milk banks are providing donor milk 
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to preterm infants. In the Netherlands, the national donor milk bank was installed again in 
Amsterdam in 2011.

Aims of this thesis
The first aim of this thesis is to describe research techniques that can be used to study the 
effect of (nutritional) interventions in pediatric and especially neonatal patients in vivo and in 
vitro. The aim of the second part of this thesis is to describe several nutritional interventions to 
ameliorate the nutritional status of premature infants. The third aim of this thesis is investigate 
the effects of donor milk on premature infants and to advice on its use in the NICU.

Outline of this thesis
The first part of this thesis is concerned with describing research techniques to study (nutri-
tional) interventions. Chapter 2 describes the broad possibilities for the use of stable isotopes 
in pediatric research and Chapter 3 describes the application of stable isotopes to study intes-
tinal aspartate metabolism in premature infants. Chapter 4 explains a method to determine 
intestinal permeability in preterm infants.

The second part of this thesis focuses on clinical research on the effects of different feed-
ing regimens in premature neonates. Chapter 5 describes a randomized clinical trial of IGF-1 
supplementation to preterm infants. Chapter 6 describes an observational study on the effect 
of mother’s own milk intake during the first days of life on the occurrence of serious infections, 
NEC and mortality. Chapter 7 summarizes the current evidence on the use of donor milk. Chap-
ter 8 evaluates the use of medication in potential milk donors. Chapter 9 describes the results 
of the Early Nutrition Study, a randomized controlled clinical trial in which is use of donor milk 
is compared to the use of preterm formula in VLBW infants.

Finally, Chapter 10 provides a general discussion of the results of this thesis and is followed 
by a summary in both the English and Dutch language.
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Chapter 1
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Chapter 2

ABSTRACT

Stable isotopes are an ideal research technique in the pediatric population for several reasons. 
Current mass spectrometry techniques require only very small amounts of sample material, 
which is especially beneficial in premature neonates. The typical tracer dosages in human stud-
ies do not usually lead to appreciable changes of isotope abundance in the body. The safety of 
the use of stable isotopes in various populations has been studied extensively and no harmful 
effects have been found. An exception to this rule is the hydrogen isotope deuterium (2H). The 
best known effect on humans is the occurrence of severe but reversible vertigo after ingestion 
of a high dose of deuterium. The applications of stable isotopes in pediatric research are ex-
tensive and growing annually with new isotopes becoming commercially available. Applications 
include measurement of energy expenditure, body composition and micro- and macronutrient 
metabolism. Stable isotopes can also be used to gain more insight in complex situations such as 
fetal metabolism and inborn errors of metabolism.
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INTRODUCTION

The first papers on the use of stable isotopes in biomedical research appeared shortly after the 
World War II, and their number has been increasing steadily since. This is not surprising when 
considering the convenient characteristics of stable isotopes. Obviously, the major advantage 
of stable isotopes lies in the fact that they are not radio-active and therefore present no risk 
when used in (human) in vivo studies. Marked improvements in mass spectrometry techniques 
have resulted in the requirement of only very small amounts of sample material, which is 
especially beneficial for the use in the pediatric population. Although stable isotopes are also 
used for diagnostic tests (e.g., the detection of H. Pylori infection), we will focus in this chapter 
on the use for scientific purposes. There are stable isotopes of the most common organic ele-
ments (e.g., Hydrogen, Carbon, Nitrogen, Sulfur, and Oxygen). But since there are also vitamins, 
trace elements, and, e.g., hormones, with a stable labeled molecule commercially available, 
the applications are virtually limitless. The aim of this chapter is to give an overview of the use 
of stable isotopes in nutritional and pediatric research.

Stable isotopes
Isotopes are different atoms of a chemical element; they contain the same number of protons 
but have varying number of neutrons in the nucleus. Since the number of protons determines 
the chemical qualities of an atom and therefore also the metabolism by organisms, all existing 
isotopes of an atom will be handled by the body in the same way. There are two types of 
isotopes: stable isotopes and radioactive isotopes. The number of neutrons a nucleus can hold 
differs from element to element. The number of neutrons is important to balance the stability 
of the nucleus. Nuclei that are too heavy are unstable and will decay. The excess energy is 
dissipated by spontaneous emission of radiation in the form of alpha, beta, and/or gamma rays. 
These isotopes are therefore called radioactive isotopes. For some elements, all isotopes are 
radioactive, such as uranium and radium. More than 1,000 radioactive isotopes of the various 
elements are known. Approximately 50 of these are found in nature; the rest are produced 
artificially as the direct products of nuclear reactions or indirectly as the radioactive descen-
dants of these products. Although radioactive isotopes are very important in medicine (e.g., 
radiotherapy but also diagnostic procedures such as CT-scans) they also have harmful effects on 
living organisms. When these particles come into contact with organic material such as human 
tissue, they will damage them if levels are high enough, causing burns and cancer.

Isotopes that have stable nuclei do not emit radiation and therefore are called stable 
isotopes. Since the stable isotope is still slightly heavier than the normal isotope, mass-
spectrometry techniques can differentiate between the former and the latter. So, when stable 
isotopes of, e.g., amino acids or glucose, are administered intravenously or intragastrically, 
their metabolism can be studied by taking samples from blood, saliva, urine, or exhaled breath.
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Chapter 2

Safety issues
Since there is a natural occurrence of the stable isotopes of most atoms, they are continuously 
taken up by the human body through food and water and via breathing. Natural abundance in 
the human body of the most commonly used stable isotopes for research purposes are known 
and listed in Table 1. The typical tracer dosages in human studies do not usually lead to ap-
preciable changes of isotope abundance in the body (Table 1). Furthermore, the relative mass 
difference between the isotopes of carbon (13C and 12C), nitrogen (15N and 14N), and oxygen (18O 
and 17O) is so small that the physicochemical characteristics of the isotopes are almost identi-
cal, and therefore biological relevant effects do not occur when administered in the standard 
used tracer dosages. There are several studies published in which (extremely high doses of) 
the abovementioned isotopes were given to animals, mostly rodents, for a prolonged period 
of time without any noticeable effects1-4. In over 50 years of stable isotope-usage in scientific 
research with human subjects, no significant adverse effects have been reported.

An exception to this rule is the hydrogen isotope deuterium (2H). The relatively large mass 
difference between the more abundant hydrogen and its stable isotope deuterium is known to 
cause several effects in animals and humans. The best known effect on humans is the occur-
rence of severe but reversible vertigo after ingestion of a high dose of deuterium. Elevation of 
the body water deuterium content to 0.5% (corresponding to a deuterium intake of 140 to 250 
grams) resulted in vertigo in 2 out of 5 subjects5. In animal studies, much higher enrichments 
were produced. From these studies, it was concluded that severe side-effects such as hypogly-
cemia, general muscle weakness and ECG changes occurred when 10-20% of body fluids existed 
of D2O. Lethal effects occur at enrichments levels of 30-40%, which is thought to be due to the 
fact that deuterium decreases the overall speed of metabolic processes. However, typical D2O 
tracer dosages in human subjects do not exceed 0,3 mg deuterium/kg of body weight and are 
therefore deemed to be safe, even in the smallest patients.

When administering stable isotopes to human subjects, several other aspects also must be 
taken into consideration.

Sterility
Especially when tracers are administered intravenously, all precautions must be taken to ensure 
that the solutions are sterile and pyrogen free. Single dose vials should be prepared under 

Table 1: natural abundance in humans for commonly used stable isotopes

Elemental isotope Natural abundance

% Mg/kg body weight
2H 0.015 15
13C 1.111 2000
15N 0.360 110
18O 0.200 1300
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aseptic conditions and tested for sterility. They should be provided with an expiration date ac-
cording to local protocol. Appropriate lines and filters should be used to ensure sterile delivery 
to the research subjects when the tracers are applied intravenously.

Purity and stability
The tracer should contain no other substances other than the intended tracer, and the chemical 
purity and stability should be checked. Also, enrichment levels should be confirmed to ensure 
validity of the found results. Whenever several atoms are labeled within the same molecule, 
molecular enrichment should be checked. An example is uniformly 13C labeled glucose. With 
six carbon atoms present in glucose and with a 99% labeling of carbon atoms, the molecular 
glucose enrichment should be 0.996 equaling 94.1%. A slight deviation of the carbon labeling 
to, e.g., 98.5%, will result in a molecular glucose enrichment of 91.3%.

Blood sampling
Although the amount of plasma needed for a single measurement will usually not exceed 0.5 
ml, the total amount of blood that has to be withdrawn during a study period has to be calcu-
lated upfront and weighed against the total circulating volume of the research subject. Stable 
isotope studies have been successfully performed in premature neonates weighing less than 
1000 grams. However, the circulating volume of an infant of 1000 grams is approximately 80 ml. 
If two blood samples of 1 ml are required (corresponding to 0.5 ml of plasma), this means that 
the amount of blood withdrawn for study purposes is over 2% of the total circulating volume. 
Coupled with the need of daily blood withdrawal for clinical purposes, this has the potential 
to lead to phlebotomy related anemia rapidly. So, although it is very well possible to study the 
plasma component, one has to take into account that the sample volume should be kept as 
small as possible in young children. Blood samples in infants and children are preferably drawn 
from a catheter (such as an arterial line or i.v. catheter) already in place for clinical purposes.

ETHICAL ASPECTS

Although stable isotope tracer studies are safe when the abovementioned aspects are taken 
into account, the risk of a potential side-effect or complication will never be zero, as is the 
case for every medical procedure or study. Sampling methods often are of no or only small 
burden to the subject (e.g., collection of saliva or breath sampling), but for example drawing of 
a venous blood sample is of course more invasive. Therefore, the risk of a study and the burden 
to the subject should always be weighed against the potential scientific benefit. All research 
protocols involving human or animal subjects should therefore be reviewed by an independent 
ethical committee. Patients and/or parents of patients should give informed consent before 
study participation.
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APPLICATIONS OF STABLE ISOTOPES IN NUTRITIONAL AND PEDIATRIC 
RESEARCH

Stable isotopes can be used to study and quantify metabolic processes in a healthy organism or 
to elucidate the influence of a certain pathologic condition on metabolism and energy balance.

Good examples of the former are protein requirement studies. Recommendations about 
daily protein intake in various population groups are often based on the factorial approach 
or nitrogen balance studies. These methods have proven to be labor intensive and prone to 
inaccuracies. The factorial approach considers the protein requirement to be equal to the sum 
of the obligatory nitrogen losses (e.g., in urine and feces) plus, for children, an adjunct amount 
required for growth. A correction should be made for the incomplete utilization of dietary 
protein, which can especially be difficult in gastro-intestinal disease or for premature neonates. 
Empirical approaches are based on measuring biochemical and physiological responses or 
anthropometric changes upon graded intakes of a specific nutrient. An empirical method that is 
often used is nitrogen balance, in which the difference between nitrogen intake (from the test 
diet) and excretion (in urine, feces, skin, and miscellaneous losses) is calculated. An advantage 
of this method is that it is non-invasive, but there are also several drawbacks. Due to problems 
with collecting all feces and urine, nitrogen excretion is easily underestimated, while intake is 
often overestimated. Furthermore, dermal losses are difficult to measure as these also vary 
with environmental conditions.

Determination of the protein requirement by the use of stable isotopes has proven to 
be reliable and reproducible and more accurate than previously described methods. A good 
example is the recent study of Stephens et al., in which they determined protein requirement in 
healthy pregnant women6. By the use of the Indicator Amino Acid method, a technique that is 
described shortly in the following section, they found that protein requirements in mid and late 
gestation are 1.4 to 1.7 times higher than currently recommended by the Dietary Reference In-
take. Adequate nutrient supply is important for a healthy pregnancy. Although fetuses acquire 
the majority of their tissue protein during the second half of gestation, important adaptations 
also occur in the maternal body such as growth of the uterus and placenta during the first half 
of pregnancy. These processes require adequate amounts of amino acids and protein in order 
to ensure that the second half of pregnancy is also uncomplicated.

Stable isotopes have proven to be of tremendous value in the study of inborn errors of 
metabolism. So far over 1000 inborn errors of metabolism have been identified, and this 
number is still growing. In the past, most studies on inborn errors of metabolism have almost 
exclusively focused on the measurement of concentrations of different metabolites in the 
plasma, urine, and/or cerebrospinal fluid. Therefore, these studies mainly provide information 
about the consequences of a certain inborn error of metabolism but do not give insight in 
the pathophysiological process of the disease. However, the use of stable isotopes makes it 
possible to trace the substrate of interest through the metabolic process and to reveal the 
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functional consequences of an enzymatic defect. Stable isotope techniques can and have been 
used to evaluate the functional implications of an enzymatic defect in intermediary glucose, 
galactose, fat, and protein metabolism.

ENERGy ExPENDITURE

One of the most elegant applications of stable isotopes in pediatric research is the determina-
tion of energy expenditure by the doubly labeled water technique. This technique is based 
on administration of a bolus of doubly labeled water (2H2

18O). The labeled hydrogen will be 
excreted by the body as water (urine, evaporative losses), and the isotopically labeled oxygen 
will leave the body as water and carbon dioxide. Measuring enrichments in body water (eg 
saliva or urine) at several points in the 7-14 days following administration of the doubly labeled 
water allows for construction of the individual decay curves. The difference between the elimi-
nation rates of 2H and 18O is a measure of CO2 production, which can be used to calculate total 
daily energy expenditure. This technique is non-invasive, and sampling is of no burden to the 
subject, which makes it applicable even for use in sick and premature infants. The technique 
has been validated for the use in infants, but it has also been used to determine energy ex-
penditure in many other patient groups, such as toddlers, children with cerebral palsy7, and 
overweight teens8. Since only a single bolus of isotopes have to be administered, the test is also 
suitable for the use in a non-clinical setting, which has as an advantage that energy expenditure 
is determined in everyday life and not in an artificial research setting.

Body composition
Total body water content can be determined by a deuterium dilution technique. For this tech-
nique, a single bolus of deuterium (2H2O) is administered orally after a background sample is 
collected. After the equilibrium phase a sample of body water (usually saliva, but urine is also 
possible) is collected. Based on the measured background enrichment, the dilution space and 
total body water can be calculated. Knowledge of total body water content will enable calcula-
tion of fat free mass based on knowledge of the water content of fat-free mass. Subtraction of 
this mass from the body weight provides indirectly the mass of the body fat.. Advantages of 
this technique are similar to those of determination of energy expenditure by doubly labeled 
water. The deuterium technique has been shown to be more accurate than bio-impedance 
measurements for evaluating changes in total body water content after weight loss9, but this 
might also be the case for other situations in which there is a rapid change in body composition, 
such as during the adiposity rebound. Another major advantage is that this technique can also 
be used in instable patients, such as premature neonates admitted to the Neonatal Intensive 
Care Unit (NICU), while bio-impedance is not suitable for those situations.
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Macronutrient metabolism
Protein, lipid, and glucose metabolism have all been studied in infants and children by the use 
of stable isotopes.

Amino acids
Amino acid administration to premature neonates has been a much debated topic in the last 
decades. Premature birth remains to be associated with an adverse neurodevelopmental 
outcome when compared to term infants. This is only partly attributable to direct insults such 
as intraventricular hemorrhage or asphyxia. It has become apparent that this is at least partly 
due to inadequate provision of nutrients that are required for rapid (brain) growth during the 
first few weeks of life. Stephens et al., for example, showed that in extremely LBW infants, 
after adjusting for confounding variables related to disease, an increase of 1 g/kg per day of 
protein intake during the first week of life was associated with an 8.2-point increase in mental 
developmental index10. However, it is unknown what the most optimal amount and compo-
sition of both enteral and parenteral substrates for these infants is. In the past, physicians 
often refrained from administration of intravenous amino acids to premature neonates in the 
immediate neonatal phase to avoid metabolic derangements, such as hyper ammonaemia and 
acidosis. We have come to realize that these complications were partially caused by the method 
of manufacture and the suboptimal composition of the solutions and not so much by intoler-
ance to amino acids or fat itself. Marked improvements in the composition of the intravenous 
solutions have led to the widespread use in NICU’s from birth onwards. However, it remains 
to be elucidated what the optimal content of individual amino acid in parenteral nutrition is. 
For these reasons, Roberts et al. studied aromatic amino acid kinetics in infants receiving total 
parenteral nutrition with either a high or a moderate phenylalanine-containing amino acid 
solution by the use of L-[1-13C]phenylalanine and L-[3,3-2H2]tyrosine11. They found that infants 
receiving PN with a higher phenylalanine content showed a greater oxidation of phenylalanine 
in conjunction with an urinary excretion of alternate catabolites of phenylalanine and tyrosine, 
which suggests that the high phenylalanine intake may be in excess of needs. However, the 
lower apparent phenylalanine retention observed in infants receiving moderate phenylalanine 
suggests that the total aromatic amino acid level of moderate phenylalanine may be deficient 
for neonatal needs.

The switch to the enteral route of feeding is preferably made as soon as possible. However, 
the optimal amino acid composition of (preterm) formula remains to be elucidated. A stable 
isotope technique that has been used successfully to study enteral amino acid requirements 
in premature neonates is the Indicator Amino Acid Oxidation Method (IAAO). This technique 
is based on the fact that if one indispensable AA is not being supplied sufficiently, protein 
synthesis comes to a hold. Since AA cannot be stored by the body, they will all be oxidized to 
CO2. When diets with a varying amount of the test AA are administered to infants, the oxidation 
of the other AA will be higher when the test AA is insufficiently available and lower when it is 



534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn
Processed on: 2-12-2019Processed on: 2-12-2019Processed on: 2-12-2019Processed on: 2-12-2019 PDF page: 37PDF page: 37PDF page: 37PDF page: 37

37

sufficiently available. The oxidation rate can be measured concomitantly with the test diets 
when an isotopically labeled AA (the indicator amino acid) is administered and labeled CO2 in 
breath or blood is determined. The lowest measured oxidation of the indicator AA is identi-
fied when AA is utilized to the greatest extent (Figure 3.1). This point, named the breakpoint, 
reflects the minimum requirement of the test AA. Studies determining the requirements of the 
other AA in term and preterm infants are ongoing.

How the body uses the administered substrates can be studied in more detail by, e.g., dual 
tracer methods. It is known that energy expenditure and the use of substrates by the portal-
drained viscera (spleen, stomach, intestines, and pancreas; PDV) are determined by the route 
of nutrient administration as enteral nutrition stimulates the secretion of gut hormones and 
causes intestinal protein accretion and intestinal growth. In dual tracer studies, two differently 
labeled forms of the same amino acid are used, e.g., [U-13C]aspartate and [2,3,3-D3] aspartate. 
First, individual whole-body CO2 production is assessed by a continuous i.v. infusion of [13C]
bicarbonate. Subjects are studied twice on two separate days. During both study days, the stable 
isotopes are infused through the i.v. catheter and the nasogastrictube simultaneously. At the 
second study day, the route of tracer administration is switched. Tracer dilutions are measured 
during steady state. This enables for calculation of label recovered in CO2 after both enteral and 
parenteral administration of the 13C labeled aspartate. By the use of this technique, Corpeleijn et 
al. found that splanchnic first-pass aspartate uptake was almost complete (77 ± 15%)12. Almost 
all (80 ± 9%) of the 13C administered as [U-13C]aspartate used in first-pass was recovered as CO2 

Figure 1 Determination of the breakpoint which reflects the minimum requirement of the test AA. The low-
est measured oxidation of the indicator AA is identified when AA is utilized to the greatest extent.
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in expired breath. They concluded that the splanchnic tissues extracted almost all of the dietary 
aspartate in preterm infants. The majority of the labeled carbon is recovered in expired breath, 
making it most likely that the sequestered carbon skeleton of aspartate is utilized for energy gen-
eration. These findings stress the need to supply the (premature) neonate’s gut with adequate 
amounts of ‘‘fuel’’, like amino acids and glucose. Supplementation of non-essential amino acids 
might prevent the splanchnic tissues from oxidizing essential amino acids such as lysine, which 
otherwise would result in depletion of essential amino acids and consequently inhibition of 
whole-body protein synthesis. Similar results were found for glutamate and glutamine 13,14.

Glucose and carbohydrate metabolism
Glucose metabolism has also been studied in the pediatric population by the use of stable 
isotopes. For example, Verbruggen et al. studied the effect of two different glucose infusion 
regimens on endogenous glucose production, gluconeogenesis, and glycogenolysis in infants 
admitted to the Pediatric Intensive Care Unit (PICU) after correction of craniosynostosis15. 
Hyperglycemia is a frequent complication that is associated with increased morbidity and mor-
tality in PICUs. Verbruggen et al. aimed to determine whether it is safe to reduce the amount of 
glucose infusion in these children. This approach, however, has two potential detrimental side-
effects: an increased risk for hypoglycemia and an amplification of an already increased protein 
catabolism. In this trial, patients were randomized to receive low (2.5 mg kg-1min-1 ) or standard 
(5.0 mg kg-1min-1) glucose infusion in a crossover setting. Tracer infusions with [6,6-2H2]Glucose, 
[1-13C]Leucine, [ring-2H5]Phenylalanine, and [3,3-2 H2]Tyrosine were performed. In this study, 
they showed that in post-surgical children, normoglycemia could be achieved by a reduced glu-
cose infusion. Endogenous glucose production was not fully suppressed, despite high plasma 
glucose levels. Moreover, they showed that reducing the glucose infusion induced an increase 
in endogenous glucose production without a significant increase in either gluconeogenesis or 
glycogenolysis. Furthermore, reduced glucose did not notably affect the negative whole body 
protein balance, as measured with leucine and phenylalanine kinetics.

Essential fatty acids
In pediatrics, linoleic and α-linolenic acids are of great interest because of their role in brain 
and retina development. While linoleic and α-linolenic acids are considered essential nutrients 
for humans, their corresponding elongation and desaturation products (mainly arachidonic 
acid and docosahexaenoic acid, respectively) may be synthesized from precursors in the human 
body. Although the presence and activity of these pathways in tissues of deceased fetuses 
has been shown, it is unclear whether endogenous synthesis in vivo meets the demands of 
the growing tissues. Breast-fed infants receive arachidonic acid and docosahexaenoic acid in 
high amounts through breast milk; this fact stresses the importance of these substances and 
the necessity for exogenous supply. This has led to the addition of these fatty acids to infant 
formula. Demmelmair et al. studied long chain poly-unsaturated fatty acid metabolism in lactat-
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ing women by oral administration of U-13C -labeled linoleic acid16. It is known that the fatty acid 
composition of milk fat is variable and subject to dietary influences17. Fatty acids that enter the 
maternal circulation after a meal can be assembled to milk fat globules in the mammary gland 
and secreted in breast milk. Thus, any fatty acid supplied with the diet or that is endogenously 
synthesized might occur to a certain extent in milk. However, it seems desirable that some 
form of metabolic control of the influx of individual fatty acids into milk exists to supply infants 
with a constant source of essential fatty acids. Three possible sources of milk LCP have to be 
considered: they may be directly transferred to milk from dietary intake of preformed LCP, 
they may be mobilized from body stores, or they may be synthesized from linoleic (18:2n–6) 
or a-linolenic acid, respectively, in the liver or in the mammary gland prior to their incorpora-
tion into milk. Mobilization from body fat or a large endogenous pool of LCP, which serves as 
precursor for milk production, would guarantee a more constant supply of LCP for the infant. 
Demmelmair et al. supplied uniformly 13C -labeled 18:2n–6 orally to lactating women in order 
to quantify the transfer of dietary 18:2n–6 to milk, its conversion to milk LCP, and its oxidation. 
Subjects were studied at 2, 6, and 12 weeks of lactation. They received 1 mg per kg body 
weight of uniformly (98%) 13C -labeled 18:2n–6. Milk samples were taken during 5 days: for 
the first time in the morning of the first study day before tracer application as well as 6 and 
12 h later. The sampling was repeated during the following 4 days; thus, a total of 15 samples 
were collected at time points 0, 6, 12, 24, 30, 36, 48, 54, 60, 72, 78, 84, 96, 102, and 108 h after 
tracer intake. Furthermore, breath samples were taken before breakfast on the first study day, 
a baseline sample was taken in duplicate, and further samples were collected in hourly intervals 
until 12 h after the start. During the following 4 days, samples were taken in the morning, 
around midday, and in the evening. During the study periods, their food consumption was 
documented in dietary diaries, which were later evaluated by a dietitian, and they were asked 
to continue with their usual daily routines. Total CO2 production was assumed to be 300 mmol 
CO2 per m2 of bodysurface per hour. Maximal 13C -enrichments in breath-CO2 were obtained 
between 3 and 5 h after tracer intake; after 36 h, enrichment values had almost returned to 
baseline. There were no significant differences between different weeks of lactation at any time 
point of the study. The 13C -enrichments in milk 18:2n–6 peaked after 12 h, followed by a fast 
decrease of the 13C content until 72 h. The estimated oxidized proportion of the ingested labeled 
linoleic acid did not differ significantly with duration of lactation nor did it transfer into milk as 
linoleic acid. About 0.2% of the tracer appeared in milk as dihomoglinolenic acid and 0.02% 
as arachidonic acid. There were no statistically significant changes with time. They estimate 
that about 30% of milk linoleic acid is directly transferred from the diet, whereas about 11% of 
milk dihomoglinolenic acid and 1.2% of milk arachidonic acid originate from direct endogenous 
conversion of dietary linoleic acid. There was a considerable variation among individuals. There 
are several difficulties with the models available to interpret the found data, as authors stress 
in the discussion. However, their results demonstrate that the tracer approach is suitable to 
gain further understanding of the physiology of milk fat formation. While both body storages 
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and diet are both important sources for milk fat, the data indicate an endogenous synthesis of 
human milk n–6 LCP.

Uniformly, 13C -labeled linoleic and α-linolenic acid are now available from biotechnological 
production and offer the possibility to investigate in vivo the metabolism of these fatty acids 
in infants.

Obviously, in other areas of pediatric research there are also interesting questions concern-
ing fatty acid metabolism that can be addressed by the use of stable isotopes.

Micronutrient metabolism
In addition to studying macronutrient metabolism, stable isotope techniques are also very suit-
able for studying micronutrient metabolism in various groups of patients.

Vitamins
Stable isotopes of all vitamins (A, B, C, D, E) with different labels are all commercially available. 
For example, vitamin A status has been studied by the use of retinol isotope dilution (RID) 
methodology. This method has been used to study vitamin A status in children in Thailand and 
Zambia. Although retinol concentration can be measured in serum and is a common indicator 
of vitamin A status, it is known to be homeostatically controlled and suppressed during inflam-
mation, which may lead to misdiagnosis. The RID method provides a quantitative estimate 
of total body vitamin A stores. In the studies of Pinkaew et al.18 and Gannon et al.19, 1 μmol 
13C2-retinyl acetate dissolved in soybean oil was delivered orally to the subjects with the use 
of a positive displacement pipette and immediately followed with a fat-containing snack to 
facilitate absorption. After a 14 d mixing period, a blood sample was taken, and the 13C:total C 
ratio in serum retinol was determined by gas chromatography/combustion/isotope ratio mass 
spectrometry. Together with the baseline, natural abundance 13C:total C ratio of serum retinol 
total body stores were calculated. The methodology has also been used to test the efficacy of 
VA interventions in a number of low-income countries. Infections, micronutrient deficiencies 
(e.g., iron and zinc), liver disease, physiological age, pregnancy, and lactation are known or 
hypothesized to influence the accuracy of estimating total body VA storages using the isotope 
dilution technique. This method also has several other pitfalls, as pointed out by Suri et al., and 
needs further development before it can be applied on a large scale for adjusting RDI’s20.

Minerals and trace elements
Stable isotopes can also be used to determine recommended daily intakes for minerals21 and 
trace elements22 or, for example, to determine dietary uptake rates under varying conditions.

It is assumed that the bioavailability of minerals in human milk is higher than that in 
formula. Therefore, minerals are added to formula in higher amounts than are found in hu-
man milk. In the last decade, important changes in the composition of infant formula have 
been made, and new compounds such as pre- and probiotics have been added. Most of these 
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changes are inspired by the composition of human milk, but it is unknown how this influences, 
for example, the absorption of calcium. Hicks et al. performed a study in which they examined 
the effect of addition of prebiotics to infant formula on calcium absorption23. It is known that 
calcium absorption is increased in adolescents supplemented with prebiotics. This is potentially 
caused by an increased amount of soluble calcium due to decreased pH in the proximal colon 
from short chain fatty acids produced by prebiotics. Alternatively, this is caused by an overall 
trophic effect of prebiotics on the intestinal mucosa, thereby leading to increased absorption. 
In order to examine the effect of prebiotic administration to infants on calcium absorption, 
Hicks et al. performed a double-blinded randomized controlled trial. In this trial, 25 infants 
received formula supplemented with galacto-oligosaccharides (GOS) and polydextrose, both 
at 4 g/L, and 30 infants received a non-prebiotic control formula. As a reference group 19, 
non-randomized, human milk fed infants were used. After two weeks of study, formula subjects 
were admitted for a 24-hour inpatient hospital stay where calcium absorption was measured 
by a dual-tracer stable isotope study. The test diets were mixed with 44Ca 18 to 24 hours before 
ingestion to allow for equilibration. The feeding containing the premixed oral tracer was fed to 
infant via bottle feeding, and 46Ca was administered intravenously. Urine collection began at the 
time of intravenous isotope administration and was collected for 24 hours. Fractional calcium 
absorption was calculated as the ratio of the oral to the intravenous tracer recovered in the 
urine during the 24 hour collection. Results show that the calcium intake, fractional calcium 
absorption, and total calcium absorption were similar between the supplemented and unsup-
plemented group. Results differed significantly from the human milk group. The percentage of 
calcium absorbed was 57% and 59% in the prebiotic and control formula groups, respectively, 
and 76% in the human milk group. The absolute amount of calcium absorbed in the human milk 
group was significantly lower due to a lower calcium content of the milk. Authors conclude that 
no effect of prebiotic supplementation on calcium absorption was found. Whether or not the 
higher net calcium absorption from formula is beneficial is unknown. This study demonstrates 
that it is not advisable to lower the calcium content of formula supplemented with prebiotics.

CONCLUSIONS

The applications of stable isotopes in pediatric (nutritional) research are virtually limitless. 
Stable isotopes are safe to use in even the smallest and most vulnerable patients (e.g., very-
low-birth-weight neonates) if appropriate safety measurements are taken into account. A ma-
jor advantage of tracer studies is that measurements can often be done in secretions like urine 
and saliva or expiratory air, making sample collection of little or no burden to the subject. The 
number of commercially available tracers is vast and is continuing to grow annually. Although 
some calculation models need further development, important research questions have been 
answered by the use of stable isotopes.
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Chapter 3

ABSTRACT

Background and aims The intestine is a major site of amino acid metabolism, especially in neo-
nates. Neonatal animals derive energy needed for metabolic processes from dietary glucose 
and amino acids. Rats were found to oxidize non essential amino acids such as aspartate, glu-
tamate and glutamine in the intestine at a high rate. We have previously found that glutamate 
and glucose are important sources of energy for the splanchnic tissues in fully fed preterm 
infants. However, no data are available on splanchnic aspartate metabolism in human preterm 
infants. In the present study we studied whole-body and splanchnic aspartate metabolism and 
determined the metabolic fate of aspartate.

Methods In eight, enterally fed, preterm infants (gestational age 31 weeks (wk) ± 3 SD, range: 
26-34wk) splanchnic and whole-body aspartate kinetics were assessed by dual tracer ([U-13C]
aspartate and [D3]aspartate) techniques.

Results Splanchnic first-pass aspartate uptake was almost complete (77±15%). Almost all (80± 
9%) of the 13C administered as ([U-13C]aspartate used in first-pass was recovered as CO2 in 
expired breath.

Conclusion The splanchnic tissues extract almost all of the dietary aspartate in preterm infants. 
The majority of the labeled carbon is recovered in expired breath, making it most likely that the 
sequestered carbon skeleton of aspartate is utilized for energy generation.
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INTRODUCTION

After premature birth the gastrointestinal tract of the newborn is underdeveloped and toler-
ance to enteral feeding is low. Preterm infants may therefore be dependent on total parenteral 
nutrition (TPN) during the first period of life. Although in theory mimicking fetal nutrition, TPN 
is associated with high morbidity, e.g. cholestasis 1 or sepsis 2. Therefore the switch to the 
enteral route of feeding is preferably made as soon as possible. Transition from parenteral 
to enteral substrates has large implications for the energy balance. Energy expenditure and 
the use of substrates by the portal-drained viscera (spleen, stomach, intestines and pancreas; 
PDV) are determined by the route of nutrient administration as enteral nutrition stimulates 
the secretion of gut hormones 3 and causes intestinal protein accretion and intestinal growth 
in neonatal pigs 4. The high impact of these effects becomes clear if we consider that the PDV 
account for less than 6% of the bodyweight but are responsible for up to 35% of whole body 
energy expenditure during enteral feeding 5. In the late seventies and early eighties, Windmuel-
ler and Spaeth found that dietary glutamate, aspartate and glucose and arterial glutamine are 
the major intestinal fuel sources in rats 6-8. In addition, we found that in neonatal piglets the 
PDV extract almost all (>90%) of the glutamate, glutamine and aspartate in first-pass 9. Since 
these amino acids do not appear in the portal vein we hypothesize that they are utilized by the 
PDV for oxidative purposes. Research efforts have been directed at elucidating the substrate 
use of the human neonatal intestine. Van der Schoor et al. 10 found that in preterm infants 
approximately one-third of dietary glucose is utilized in first-pass during full enteral feeding and 
more than three-quarters is directed toward oxidation. Recently, we documented a similar fate 
for dietary glutamate: three-quarters was taken up by the intestine in first-pass metabolism 
and almost all of its carbon was channeled towards oxidation 11. Studies on glutamine kinet-
ics in premature neonates show that the PDV extract about half of the enteral administered 
glutamine12. Van der Schoor et al. found in a very recent study an even higher extraction rate 
of 65%. In addition, they showed that the majority of glutamine converted to CO2 is in the 
splanchnic tissues13. Haisch et al showed that in adults most of the glutamine is directed to-
wards oxidation after splanchnic extraction. In contrast, the essential amino acid threonine was 
almost completely utilized in first-pass metabolism but was not used for oxidation 14. Clearly, 
these findings indicate that some amino acids are important substrates for energy supply in the 
intestine, but others are not.

Aspartate is a non-essential amino acid, which means that it can be synthesized de novo. 
Aspartate has a very high turnover rate and has many functions in the metabolism of the cell. 
It enters the urea cycle as the second amino group donor in the liver and condensates with 
citrulline to form arginosuccinate. Arginosuccinate is the precursor of arginine, a possible con-
ditionally essential amino acid during periods of rapid cell growth (e.g. after premature birth). 
Aspartate is also a precursor of asparagine, another non-essential amino acid. Furthermore, it 
also plays a crucial role in purine and pyramidine synthesis as this is dependent on the donation 
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of its amino group. Moreover, aspartate is an excitatory neurotransmitter and is involved in 
gluconeogenesis.

The general purpose of the present study was to quantify splanchnic and whole-body 
aspartate metabolism in premature infants on full enteral feeding. Increasing our knowledge 
will enable us to meet the specific nutritional requirements of the premature neonate and to 
develop strategies to optimize gut function early after birth. We hypothesized that, like with 
glutamate, the majority of aspartate is sequestered by the PDV.

MATERIALS AND METHODS

Subjects
Eligible patients were premature infants with a birth weight ranging from 500 to 2000 grams 
born in the Children’s Hospital, Fudan University, Shanghai or the Erasmus MC - Sophia Chil-
dren’s Hospital Rotterdam or having been admitted to the NICU of either hospital < 24 hours 
after birth. This study is one of many that constitute a collaborative research project of the Chil-
dren’s Hospital of Fudan University and the Sophia Children’s Hospital. Exclusion criteria were 
congenital metabolic disease, congenital intestinal disease, malformations and abnormal liver 
or kidney function. Weight gain rates should be > 10 g/(kg·d) five days prior to the study and the 
infants should have an intravenous (i.v.) catheter for clinical purposes. The study protocol was 
approved by the Fudan Hospital Ethical Review Board (Shanghai, PR China), the Erasmus MC 
Institutional Review Board (Rotterdam, the Netherlands) and the Dutch Central Committee on 
Research Involving Human Subjects (the Hague, the Netherlands). The study was conducted ac-
cording to European Good Clinical Practice Regulations, the Declaration of Helsinki and relevant 
Ethical and Regulatory considerations. Written informed consent was obtained from parents 
or legal guardians. All infants were clinically stable at the time of the study and tolerated full 
enteral feeding. Feeding regimen was according to standard clinical practice at the participating 
hospitals. All infants received a standard preterm formula (Nenatal Start, Nutricia, Zoetermeer, 
the Netherlands, 75 Kcal/100 mL) as the sole nutrition starting at least 24 h before start of the 
study until completion. The clinical treatment of infants born in Shanghai will be different than 
the clinical treatment of infants born in Rotterdam. These differences can mostly be found in 
nursing techniques like the use of Newborn Individualized Developmental Care and Assessment 
Program (NIDCAP) 15 in Rotterdam but not in Shanghai. Also the number of diagnostic tests per-
formed (ultrasound, x-ray) was higher in Rotterdam when compared to Shanghai. The feeding 
regimens of the two participating NICU’s are very similar. We consider the before mentioned 
differences in treatment as non-important for this study since the patients should have weight 
gain rates > 10g/(kg·d) to meet the inclusion criteria.
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Protocol
To investi gate splanchnic and whole body aspartate kineti cs, we performed a study using dual 
tracer techniques. Each infant was studied twice, on two separate days. At the second study day 
the route of tracer administrati on was switched. This enables us to calculate label recovered 
in CO2 aft er both enteral and parenteral administrati on of the 13C labeled aspartate. The study 
days were at least two days apart allowing for a complete wash out of all isotopes. The general 
outline of the study is depicted in Figure 1. During both study days the stable isotopes were 
infused through the i.v. catheter and the nasogastric tube simultaneously. Starti ng one hour 
before the onset of the tracer protocol, infants were conti nuously fed through an intragastric 
(i.g.) tube unti l completi on. All received the same feeding regimen on both study days.

Breath sampling was performed by the direct sampling method as described previously 
16, 17. In brief, a 6F gastric tube (6 Ch Argyle; Cherwood Medical, Tullamore, Ireland) was placed 1 
to 1.5 cm into the nasopharynx and end-ti dal breath was taken slowly with a syringe connected 
to the end. Collected air was transferred into 10 mL sterile, non-silicon-coated evacuated glass 
tubes (Van Loenen Instruments, Zaandam, the Netherlands) and stored at room temperature 
unti l analysis.

During the fi rst study day three diff erent stable-isotopes infusions were performed. First, 
a primed (10 µmol/kg) conti nuous (10 µmol/(kg·h) i.v. infusion of [13C]bicarbonate (99.0 mol% 
13C; Cambridge Isotopes, Woburn, Massachusett s, USA) was administered for two hours. This 
served to assess individual whole-body CO2 producti on. The 13C labeled bicarbonate infusion 

Figure 1. Study design.
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was immediately followed by two primed 5-h infusions (15 µmol/kg and 15 µmol/(kg·h)) of 
[U-13C]aspartate (98.0 mol% 13C; Cambridge Isotopes) i.v. and (15 µmol/kg and 15 µmol/(kg·h)) 
of [2,2,3-D3]aspartate (98.0 mol% D3; Cambridge Isotopes) i.g. The route of labeled aspartate 
administration was switched on study day 2. The simultaneous infusion of different labeled 
aspartate allowed us to determine whole-body and splanchnic aspartate kinetics. Although 
intragastic tracer administration can not be controlled as tightly as administration of the 
intravenous tracer (due to causes like delayed gastric emptying) this does not influence the 
attainment of a steady state 16. All tracers were found to be sterile and pyrogen free before 
use in our studies. Concentrations and enrichments of the infusates were determined prior 
to infusion. Baseline blood and breath samples were collected at time 0. Breath samples were 
collected every 30 minutes. During the last hour of each tracer infusion, breath samples were 
collected at 15-min intervals and two blood samples were obtained after 4.5 h and 5 h tracer 
infusion. Blood samples were collected by arterial blood puncture and blood was centrifuged 
immediately. Plasma samples were stored at -80ºC until further analysis. The total amount of 
blood withdrawn per study day was 1.5 mL, which is less than 2% of total blood volume in a 
1000-g infant.

Analytical Methods
Plasma enrichments of [U-13C4]aspartate and [2,3,3-D3]aspartate were measured by gas 
chromatography-mass spectrometry (GC-MS), using N-methtyl-N-(tert-butyldimethyl)silyl de-
rivates. Briefly, 100 µL of plasma was deproteinized with 100 µL of 0.24 M sulfosalicyclic acid. 
After centrifugation (for 8 min at 4ºC, and 14,000x g), the supernatant was passed over a Dowex 
cation-exchange resin column (AG 50W-X8, hydrogen form, Bio-Rad Laboratories, Richmond, 
CA). The column was washed with 3 mL of water and the amino acids eluted with 1,5 mL M 
NH4OH. The eluate was dried at room temperature in a speedvac (Savant, Thermofisher, Breda, 
the Netherlands) and derivatives of the amino acids were finally formed by adding 25 µL aceto-
nitrile and 50 µL of MTBSTFA (Pierce, Omnilabo, Breda, the Netherlands) and incubation at 60 
ºC for 60 min. Analyses were performed on a Trace gas chromotograph coupled with a Thermo 
DSQ mass spectrometer (Interscience BV, Breda, the Netherlands) by injecting 0,5 µl on a PTV 
injector and a 30 m x 0.25-mm VF-17ms 0,25 µm coated fused silica capillary column (Varian, 
Middelburg, the Netherlands). Ion abundance was monitored by selective ion monitoring, and 
mass to charge (m/z) for natural aspartate [M +0] at m/z 418.3 and for [2,3,3-D3 ]aspartate 
[M+3] and [U-13C4]aspartate [M+4] at m/z 421.3 and 422.3, respectively.

13CO2 isotopic enrichment in expired air was measured by isotope ratio mass spectrometry 
(ABCA; Europe Scientific, Van Loenen Instruments, Leiden, the Netherlands) and expressed as 
atom percent excess (APE) above baseline. APE was plotted relative to time. Steady state was 
defined as three or more consecutive points with a slope not different from zero.
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Calculations
We studied amino acid turnover according to Waterlow’s stable isotopic dilution model 18. 
Whole-body CO2 kinetics were calculated as described previously 19. Substrate turnover was 
calculated by using dual stable isotope tracer techniques. Tracer dilutions were measured dur-
ing steady state as described previously 10, 11, 14, 20, 21. The equations used to obtain the results 
are detailed in the Appendix.

Statistics
Data are expressed as means ± SD values or as medians and 25th and 75th percentiles obtained 
from samples taken over the last hour of each tracer infusion. Differences in background and 
steady-state enrichments between the two study days were analyzed by paired t tests. A value 
of p < 0.05 was considered to be statistically significant. Statistical analyses were performed 
using SPSS software (version 14.0; SPSS Inc, Chicago, IL).

RESULTS

Eight preterm infants were included. Their characteristics are listed in Table 1. Mean gestational 
age was 31 ± 3 wk (range: 26 - 34 wk) and mean birth weight was 1.34 ± 0.43 kg. Patients 
1-6 were included in the Fudan Children’s Hospital and patients 7-8 in the Erasmus MC-Sophia 
Children’s Hospital. All were clinically stable at the time of both study days and were breathing 
spontaneously. They all tolerated enteral feeding well and none of them had sepsis or unstable 
temperature, as these were exclusion criteria. Average aspartate intake was 109 ± 5 μmol/(kg·h).

Table 1. Patient characteristics.

Patient GA
wk

BW
kg

SA 1
d

SA 2
d

SW 1
kg

SW 2
kg

Intake
ml/(kg·d)

Energy
Kcal/(kg·d)

1 34 1.50 28 30 1.79 1.79 161 121

2 33 1.24 39 41 1.63 1.63 162 122

3 33 1.82 17 19 1.90 1.98 158 119

4 30 1.53 25 27 1.69 1.69 156 117

5 32 1.30 19 21 1.31 1.44 165 124

6 33 1.87 7 9 1.84 1.84 157 118

7 29 0.82 28 30 1.09 1.13 142 107

8 26 0.67 27 29 0.79 0.86 146 110

Mean 31 1.34 24 26 1.50 1.54 110 117

SD 3 0.43 9 9 0.40 0.38 6 6

GA, gestational age; BW, birth weight; SA 1, postnatal age at day study day 1; SA 2, postnatal age at study day 
2; SW 1, weight at study day 1; SW 2, weight at study day 2.
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Mean baseline 13CO2, expressed as atom percent excess (APE), on study d 1 (1.0871 ± 
0.0016 APE) did not significantly differ (p =0.2) from that on d 2 (1.0878 ± 0.0012 APE). Baseline 
plasma enrichments of [U-13C]aspartate and [2,3,3-D3]glutamate did not significantly differ 
between the two study days (p = 0.08, p = 0.5, respectively). Mean baseline enrichment of 
[U-13C]aspartate on d1 was 0.39 MPE and on d2 0.26 MPE, indicating that the tracer wash-out 
period between the two study days was appropriate.

Splanchnic and whole-body kinetics were calculated from plasma aspartate enrichments 
(Table 2) and 13CO2 enrichments in expired breath during steady-state. As shown in Figure 2, the 
13CO2 excretion in breath reached an isotopic plateau during both i.v. and i.g. [U-13C]aspartate 
infusions on d 1 and d 2, respectively. During i.v. infusion the slope of the line from time point 
300 min to 420 min was not different from zero (p = 0.5). Also during i.g. infusion the slope of 
the line was not significantly different from zero (p = 0.9). Although we obtained only two blood 
samples during the tracer infusions, we assumed that plasma enrichment also had reached 
steady-state because the 13CO2 enrichment in breath was at isotopic plateau.

Table 3 shows the results of whole-body and splanchnic aspartate kinetics. The mean esti-
mated whole-body CO2 production was 28.97 ± 1.54 mmol/(kg·h). The median rate of appear-
ance, or flux (Q) of [U-13C]aspartate, administered i.v. on day 1 was 129 (100-170) μmol/(kg·h) 
and the flux of [2,3,3-D3]aspartate administered i.v. on day 2 was 156 (131-502) μmol/(kg·h). 
The splanchnic fractional first-pass uptake of aspartate is the fraction of aspartate directly taken 
up from the diet by the splanchnic tissues (intestine and liver) and which therefore does not 
appear in the systemic circulation. It amounted to 90 ± 3% on d 1 and 64 ± 10% on d 2 (mean d 1 
and d 2: 77 ± 15%). The total amount of aspartate that the body converts to CO2 was calculated 
from the flux of the i.v. infused [U-13C]aspartate (equation 5) on day 1. This was 137 ± 117 μmol/
(kg·h) and accounted for 81 ± 7% of the aspartate turnover. The total fraction of the carbon 
skeleton of aspartate extracted by the splanchnic tissues and recovered in expired breath was 
80 ± 11% (equation 6). The fraction that was expired as CO2 after the first pass through the 
splanchnic circulation mounted 50 ± 11%. This result confirms our hypothesis that most enteral 
aspartate is sequestered by the intestine of premature neonates and that a substantial part of 
this can be recovered in expired breath, making it most likely that the sequestered aspartate is 
utilized for energy generation by the PDV.

Table 2. Plasma isotopic enrichments of [U13C]aspartate and [D3]aspartate and fluxes on study d 1 and 2

D1 D2

[U-13C]aspartate (mol% excess) 9.6 (7.5-12.4) 2.6 (1.9-3.0)

[D3]aspartate (mol% excess) 1.2 (0.9-1.8) 7.8 (4.7-8.8)

QIV (µmol/(kg·h)) 129 (100-170) 156 (131-502)

QIG (µmol/(kg·h)) 1181 (832-1851) 419 (332-485)

Rates are expressed as median; 25th-75th percentile in parentheses.
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Figure 2. Enrichments of 13C in expired breath during intravenous infusion of [U-13C]aspartate on day 1 (up-
per) and intragastric [U-13C]aspartate infusion (lower) on day 2. Rates are expressed as mean atom percent 
excess ± SD (n=8).

Table 3. Whole body and splanchnic aspartate kinetics in preterm infants.

I FFP FFP Conversion of Asp to CO2

Patient D 1 D 2 Mean

1 113 87 68 78 55

2 114 86 74 80 46

3 111 94 54 74 139

4 110 89 69 79 92

5 111 88 60 74 87

6 110 89 75 82 100

7 100 88 47 68 168

8 103 95 62 79 408

Mean 109 90 64 77 137

SD 5 3 10 15 117

I, aspartate intake (µmol/(kg·h)) and was equal on D 1 and 2; FFP, fractional first-pass aspartate uptake (%); 
Conversion of Asp to CO2, total amount of aspartate that the body converts to CO2 on day 1 (µmol/(kg·h)); D 
1, study day 1; D 2, study day 2; mean, average of D 1 and 2.
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DISCUSSION

The present study describes the splanchnic aspartate kinetics in preterm infants receiving full 
enteral feeding. Almost all dietary aspartate was taken up by the splanchnic tissues in first-
pass metabolism and a high fraction of the labeled aspartate carbon was recovered in expired 
breath.

The gut is an important modulator of whole-body amino acid fluxes 9. It controls amino acid 
absorption and is thought to modulate the metabolic fates of absorbed amino acids. During 
enteral feeding gastrointestinal tissues are the first to be exposed to nutrients so these tissues’ 
needs are met first. The possible metabolic fates of the sequestered amino acids in the splanch-
nic tissues in first-pass are: protein synthesis, intermediate metabolism, and irreversible oxida-
tion to CO2 and ammonia. Amino acids incorporated into new (glyco-) proteins and secreted in 
the gut lumen could become systemically available after recycling 22. Amino acid requirement 
of neonatal piglets receiving enteral feeding is significantly higher (25-50%) than of parentally 
fed neonatal piglets 23-25. In enterally fed piglets it has been shown that approximately 50% of 
dietary amino acids appears in the systemic circulation after first-pass, but with substantially 
differing proportions between individual amino acids 9.

All these findings stress the need to supply the (premature) neonate’s gut with adequate 
amounts of “fuel”, like amino acids and glucose. Supplementation of non-essential amino acids 
might prevent the splanchnic tissues from oxidizing essential amino acids such as lysine 19, 
which otherwise would result in depletion of essential amino acids and consequently inhibition 
of whole-body protein synthesis.

Our findings confirm earlier data from an animal study. As early as the 1970s Windmuel-
ler and Spaeth administered radio-actively labeled aspartate (L-[U-14 C]aspartate) to isolated 
segments of rat jejunum and measured the release of 14 C labeled products into the blood 7. 
The most important 14 C labeled product released was 14CO2, accounting for 58% of the admin-
istered aspartate. Also labeled lactate, glucose and alanine were demonstrated in plasma as 
intermediates of the tricarboxylic acid (TCA) cycle.

Following absorption, labeled aspartate might enter the mitochondrium to be transami-
nated to oxaloacetate. The formed oxaloacetate enters the TCA cycle as the anaplerotic influx 
and will condense with acetyl-coA to form citrate. During the subsequent steps of the cycle 
there is release of 2 labeled CO2 molecules and formation of ATP. As a consequence, at the end 
of the cycle, the resulting oxaloacetate molecule has 2 labeled and 2 unlabeled C atoms. This 
molecule can either exit the TCA cycle as an intermediate metabolite and serve other purposes 
in the metabolism of the cell or continue in the TCA cycle. In the latter case the two remaining 
labeled C atoms will be released as labeled CO2 during a subsequent TCA cycle. If the labeled 
carbon atoms exit the TCA cycle as intermediate metabolites they can be used for synthesis of 
other compounds such as alanine and lactate. Oxidation of these compounds will also contrib-
ute to the label recovery in expired breath. We suggest that most of the sequestered aspartate 
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is recovered as labeled CO2 in expired air, indicates that aspartate is an important substrate for 
energy generation in the intestinal tissues.

Intragastric administration of [U-13C]aspartate theoretically allows to determine intermedi-
ate metabolites of aspartate in the TCA cycle, so that the contribution of abovementioned 
substrates to 13CO2 production can be quantified. However, because of the tremendous dilu-
tion rate, high amounts of labeled aspartate would be needed to measure the metabolites 
of quantitatively minor importance. We were not able to determine labeled alanine during 
simultaneous administration of [2,3,3-D3]aspartate because this tracer has a mass of M+3 as 
well and therefore, cannot be distinguished from the [13C3]formed labeled alanine in intermedi-
ary metabolism.

Transamination of aspartate to oxaloacetate leads to the formation of various amino acids 
from their corresponding α-keto acids. Studies in small animals and rodents show that after 
enteral aspartate administration there is an efflux of alanine from the tissue 7, 26. In neonatal 
piglets it was shown by Stoll et al. 27 that there is a very low net portal balance of aspartate 
(4-24% of the intake). That of alanine and arginine, however, are >100%. This suggests that 
there is a net production of these amino acids by the PDV. In this case the α-keto acid used 
during transamination is pyruvate. Notice that the carbon atoms of the formed alanine are 
unlabeled since their carbon skeleton is derived from pyruvate. Oxidation of this alanine will 
not contribute to the 13CO2 level in expired air. Alternatively alanine can be formed from aspar-
tate by the cytosolic enzyme aspartate 4-decarboxylase which results in the release of labeled 
CO2 28. The importance of this pathway remains unknown but it is likely that it is depended on 
the energy status of the cell. However, as discussed before, animal data suggest the released 
alanine contained approximately 10 % of carbon derived from aspartate. So the contribution 
of labeled CO2 in expired air produced by the before mentioned reaction would be far smaller.

It must be noted that plasma isotopic enrichments of [D3]aspartate were consistently 
lower than [U-13C]aspartate enrichments during both study days. Before, we have noticed the 
same finding in a study investigating splanchnic glutamate metabolism in preterm infants 11. 
The stable isotope of hydrogen (2H) is heavier than the tracee (1H) and might be metabolized 
differently. As a consequence, there might be a slight overestimation of the first-pass uptake on 
day 1 and a slight underestimation on day 2. Alternatively it can be hypothesized that this effect 
not due to a different metabolization of the tracer molecules but to a loss of tracer hydrogen 
through the process of hydrogen exchange without stoichiometric reaction 29.

A limitation of this study is the small number of infants studied: only eight. Neverthe-
less, we do believe that these data are valid, as both the fractional first pass up-take and the 
fractional oxidation rate do not demonstrate a wide range. In conclusion, the results of this 
study demonstrate that there is a high uptake of dietary aspartate by the splanchnic tissues 
in first-pass. Most of the labeled C atoms are recovered in expired air, most likely after serving 
as a fuel source in the TCA cycle. With this knowledge we can further optimize our current 
feeding strategies for preterm infants. Supplying the gut with the appropriate quantities of the 
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right fuel will prevent the gut from oxidizing essential amino acids. Optimizing nutrient delivery 
enhances growth and development of the gut, thereby preventing common complications of 
underdevelopment of the gastro intestinal system (e.g. feeding intolerance).

LIST OF ABBREvIATIONS:

APE Atom Percent Excess
i.g. intragastric
MPE Mole Percent Excess
PDV Portal Drained Viscera
TCA Tricarboxylic Acid
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SUPPLEMENTAL APPENDIx

We used similar calculations for aspartate metabolism as we did for glutamate, lysine and 
glucose kinetics 21 10 11:

Qiv=Iasp _iv x [(IEinf/IEp)-1] (1)

Where Qiv is the flux of the intravenously infused aspartate (µmol/(kg·h)), I is the infusion rate 
(µmol/(kg·h)), IEinf is the enrichment of the infusate (mol% excess) and IEp is the enrichment 
found in plasma (mol% excess).

Aspartate flux of intragastrically infused aspartate was calculated as:

Qig= Iasp_ig x [(IEinf/IEp)-1] (2)

Where Qig is the flux of the intragastrically infused aspartate (µmol/(kg·d)), I is the infusion 
rate (µmol/(kg·h)), IEinf and IEp are the enrichments (mol% excess) found in plasma and of the 
infusate, respectively.

First-pass aspartate uptake was calculated as:

U= [(Qig-Qiv)/Qig] x I (3)

Where U is the first pass uptake (µmol/(kg·h)), Qig is the flux of the intragastrically infused 
tracer, Qiv is the flux of the intravenously infused tracer, and I is the intake of enteral aspartate 
intake (µmol/(kg·h)).

Whole-body CO2 production was estimated as:

Whole-body CO2 production = IB x [(IEiB/IEB) – 1] (4)

Where IB is the infusion rate of the labeled bicarbonate µmol/(kg·h)) , IEiB is the enrichment of 
the infused bicarbonate (mol% excess) and IEB is the enrichment in expired CO2 (mol% excess) .

This equation does not correct for [13C]bicarbonate in different body pools and will overesti-
mate CO2 production rate. However, the same correction factor has to be applied to quantify the 
aspartate label recovery rate. Consequently aspartate label recovery rate is not overestimated.
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Total amount of aspartate converted by the body to CO2:

Whole-body aspartate conversion = Fraction of aspartate recovered as CO2 (Equation 6) X Flux 
of intravenously administered aspartate (Equation 1) (5)

Total fraction of aspartate recovered as CO2 in expired air was calculated as:

Fraction of aspartate recovered = [IEasp x iB] / [IEB x iasp x 4] (6)

Where IEasp is the enrichment of CO2 in expired breath during [U-13C] aspartate infusion (on day 
1 intravenously and on day 2 intragastrically infused), IEB the enrichment of CO2 during [13C] 
bicarbonate infusion (on day 1), iB is the infusion rate of [13C] bicarbonate and Iasp is the infusion 
rate of the [U-13C] aspartate (µmol/(kg·h)).

Enrichment of aspartate is multiplied by 4 to account for the number of labeled C-atoms in 
[U-13C]aspartate.

Fraction of aspartate recovered as CO2 in expired air after extraction in the first pass = Equation 
6 U13C-ig – [1- Equation 3U13C-ig] x Equation 6U13C-iv  (7)

Please note that Equation 6U13C-iv is calculated from data generated at study day 1 and Equation 
6U13C-ig and Equation 3U13C-ig are calculated from the data generated at study day 2.
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ABSTRACT

Infants born prematurely have an enhanced intestinal permeability compared to healthy 
term infants. This enhanced permeability might be a contributing factor in the development 
of Necrotising Enterocolitis. The assessment of intestinal permeability in premature neonates 
with sugar absorption tests has been proven to be safe and of minimal burden to the infant. 
After enteral administration of a test solution containing lactulose and mannitol, the excretion 
of these sugars is measured in urine, and the ratio is calculated. The lactulose and mannitol 
concentrations in urine can be measured by the use of a gas chromatograph after prepurifica-
tion and derivatisation of the sample. Non-invasive assessment of intestinal permeability can 
be useful in monitoring the effects of experimental (nutritional) therapy.
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INTRODUCTION

The wall of the small intestine serves as a barrier. This barrier needs to be selective; uptake of 
nutrients and water has to be facilitated, but at the same time, pathogens need to be repulsed. 
To absorb nutrients and water from the lumen, intestinal epithelial cells are equipped with 
various selective transporters and ion channels. To prevent unwanted entities (e.g., bacteria 
and parasites) from invasion via the paracellular spaces, epithelial cells are sealed together 
by structures called tight junctions. There are several diseases that are associated with an 
enhanced intestinal permeability, such as celiac disease [1] and inflammatory bowel disease 
[2]. Sugar absorption tests measuring intestinal permeability can be helpful in establishing 
diagnoses of these diseases but also in monitoring the effectiveness of therapy. Enhanced 
intestinal permeability is physiologic in a newborn infant and may even play an important role 
in the uptake of larger (nutritional) molecules from breast milk and the induction of systemic 
tolerance. However, preterm infants have an even higher intestinal permeability compared to 
healthy term newborns [3]. The enhanced permeability in this group may be caused by incom-
plete expression of the junctional proteins that form the tight junctions, and this may lead to 
increased translocation and a systemic spread of bacteria [4-5]. This might contribute to the 
development of Necrotising Enterocolitis (NEC) and sepsis. It has been shown that premature 
infants receiving a majority of their feeding as human milk have a significantly lower intestinal 
permeability compared to infants who receive formula [6].The assessment of intestinal perme-
ability by the sugar absorption test has been proven to be safe in preterm newborns [3] and has 
been useful in scientific research on the effects of experimental therapy [7-8].

The sugar absorption test is based on the theory that, in a healthy intestine, monosaccha-
rides (< 0.5 nm in diameter, e.g., mannitol) are readily absorbed through the transcellular path-
way, but larger disaccharides (>0.5 nm in diameter, e.g., lactulose) are only absorbed through 
the paracellular pathway. The paracellular pathway is a small population of larger pores located 
in the tight junctions, permitting the passage of both lactulose and mannitol. After absorption 
through the intestinal wall, the unchanged mono- and disaccharides will be quickly excreted 
by the kidneys. Therefore, the lactulose/mannitol ratio (L/M ratio) in urine is a measure of 
intestinal integrity. In disease states, the permeability of lactulose can be increased and/or 
the permeability of mannitol decreased. A decrease in the permeability of mannitol is more 
likely to be the result of enteropathy resulting in a decrease of absorptive surface, whereas an 
increased permeability is more likely to be the result of inflammation resulting in decreased 
functioning of the tight junctions. Mannitol has a natural occurrence in urine; however, the 
concentration is negligible and is unlikely to influence test results.

In older infants and adults, sugar absorption tests are usually performed with a hyper-
osmolar solution of lactulose, mannitol and sucrose (1560 mosm) because it discriminates 
better between patients with and without a condition such as celiac disease [9]. However, the 
use of hyperosmolar solutions in neonates has been associated with NEC. For this protocol in 
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neonates, sucrose was omitted from the solution to create a slightly hyperosmolar solution 
(375 mosm) that can be safely used in premature neonates.

MATERIALS

Materials for preparation of 100 ml of sugar solution
- Mannitol, 2 grams.
- Crystalline lactulose, 50% syrup, 10 grams (Dulphalac, Solvay Pharma BV, Netherlands).
- Sterile demineralised water.
- Inert plastic bottles (content > 100 ml).

Materials for prepurification and urinary analysis
- Gas chromatograph with flame ionisation detection equipped with an autosampler.
- Cryobath.
- Chromatography data system.
- GLC column (60 m x 0.25 mm Zebron ZB-1, 100% methylpolysiloxane (film thickness 0.11 

µm)).
- Sodium sulphate (Na2SO4), stored in a cold chamber.
- Bis(trimethylsilyl)trifluoroacetamide (BSTFA), derivatisation reagent (Sigma Aldrich, Zwijndre-

cht, Netherlands), stored in a cold chamber (corrosive!).
- Tri-sil-TBT (silylation reagent comprised of TMSI, BSA and TMCS)(Thermo Scientific), stored in 

a cold chamber(toxic/flammable).
- Chlorohexidine digluconate, 20% in water, stored in an acid cabinet.
- Heptane, stored in a safety cabinet (flammable).
- Hydrochloric acid solution, 0.1 mol/l, stored in an acid cabinet (corrosive).
- Methanol, stored in a safety cabinet (flammable).
- Urine for the preparation of a urine pool.
- Method for urine creatinine content determination (eg. Modular P 800 analyzer, Roche Diag-

nostics Nederland B.V. Almere, Netherlands)
- Mannitol (Sigma Aldrich, Zwijndrecht, Netherlands), stored in a chemical cabinet. To prepare 

a standard stock solution of mannitol (concentration: ca. 10 mmol/l): 91 mg of mannitol is 
dissolved in 50 ml of methanol/ H2O (20%/80%) (Store in a fridge, expires after 12 months).

- Myo-inositol (Sigma Aldrich, Zwijndrecht, Netherlands), stored in a fridge. To prepare a stan-
dard stock solution of myo-inositol (concentration: ca. 10 mmol/l): 90 mg of myo-inositol is 
dissolved in 50 ml of methanol/H20 (20%/80%). (Store in a fridge, expires after 12 months).

- Sucrose (Sigma Aldrich, Zwijndrecht, Netherlands), stored in a fridge. To prepare a standard 
stock solution of sucrose (concentration: ca. 5 mmol/l): 86 mg of sucrose is dissolved in 50 ml 
of methanol/H2O (20%/80%). (Store in a fridge, expires after 12 months).
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- Lactose (Sigma Aldrich, Zwijndrecht, Netherlands), stored in a fridge. To prepare a standard 
stock solution of lactose (concentration: ca. 5 mmol/l): 90 mg of lactose is dissolved in 50 ml 
of methanol/H2O (20%/80%). (Store in a fridge, expires after 12 months).

- Glucose (Sigma Aldrich, Zwijndrecht, Netherlands), stored in a fridge. To prepare a standard 
stock solution of glucose (concentration: ca. 10 mmol/l): 90 mg of lactose is dissolved in 50 ml 
of methanol/H2O (20%/80%). (Store in a fridge, expires after 12 months).

- Lactulose (Sigma Aldrich, Zwijndrecht, Netherlands), stored in a chemical cabinet. To prepare 
a standard stock solution of lactulose (concentration: ca. 1 mmol/l): 34 mg of lactose is dis-
solved in 100 ml of methanol/H2O (20%/80%). (Store in a fridge, expires after 6 months).

- Perseitol (Pfanstiehl Laboratories), stored in a fridge. To prepare an internal standard perseitol 
solution (0.4 mmol/l): 10.6 mg of perseitol is dissolved in 100 ml of methanol/H2O (20%/80%). 
(Store in a fridge, expires after 6 months).

To prepare a standard mix solution of mannitol, myo-inositol, sucrose, lactose and glucose 
(with a concentration of 4 mmol/l of each component): in a 100 ml flask, mannitol, myo-inositol 
and glucose are diluted x25. Lactose and sucrose are diluted x12.5, and the flask is filled up to 
100 ml with methanol/H20 (20%/80%). (Store in a fridge, expires after 6 months).

METHODS

Preparation of the sugar solution
1. Two grams of mannitol are dissolved in 10 ml of demineralised sterile water. The lactulose 
syrup is added, followed by water up to 100 ml (see Note 1). The solution should be slightly 
hyperosmolar (375 mmol/l). The prepared solution should be stored in inert plastic bottles at 
-70 °C. The expiration date is 6 months after preparation.

Sugar Absorption Test (SAT)-performance in neonates
1. There is no need for the subjects to be fasted or to have an empty bladder before the start of 

the study. A nasogastric tube needs to be in situ.
2. The test solution is instilled through the nasogastric tube at a dose of 2 ml/kg body weight. To 

make sure the complete dose of test solution reaches the stomach, the tube is flushed with 
0.5 ml of air (see Note 2).

3. Urinary output is collected over 5 hours. A piece of plastic is inserted in the infants diaper and is 
covered with soft gauzes. The plastic prevents the urine from being absorbed by the diaper. The 
wet gauzes are placed in a 20 ml syringe after removing the plunger. When the plunger is put 
back into place and gently pressed down, the urine will leave the syringe under the influence of 
the pressure. After collection, 0.1 ml of chlorohexidine digluconate (20%) is immediately added 
as a preservative. If the gauzes are partly smeared with faeces, these parts are cut out.
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4. The total amount of urine is measured and 5 ml is stored at -20 °C until analysis. Frozen urine 
can be stored for up to 1 year. At least 5 ml of urine needs to be collected. If after 5 hours the 
volume collected is < 5 ml, collection is continued as long as needed.

Preparation of the urinary pools
As a quality control, three pools of urine with an increasing lactulose/mannitol ratio (about 
0.010, 0.075 and 0.150) are included in each series of urine analyses.

These pools are prepared as follows:
1. Urine is collected from healthy volunteers and divided in three pools of 300 ml (2 ml of chlo-

rohexidine digluconate (20%) is immediately added as a preservative).
2.  It is presumed that urine naturally contains approximately 2 mmol mannitol/ 300 ml of urine. 

Therefore, the following amounts of lactulose and mannitol have to be added to the urine 
pools.
Pool 1 (L/M ratio: 0.010): 6.8 mg lactulose, 364 mg mannitol.
Pool 2 (L/M ratio: 0.075): 51.3 mg lactulose, 364 mg mannitol.
Pool 3 (L/M ratio: 0.150): 102.7 mg lactulose, 364 mg mannitol.

Divide the pools into small aliquots (4 ml) and store at – 20 ºC until needed. These aliquots 
expire after 3 years.

Method of derivatisation, prepurification and analysis
Sugars like mannitol and lactulose are non-volatile compounds, which makes them unsuitable 
for measurement by gas chromatography. Therefore, these sugars, like many other organic 
compounds, need to be derivatised prior to analysis. During derivatisation, a hydrogen group 
is replaced by a silicon atom with 3 methyl groups attached to it, [-Si (CH3 )3 ]. Attachment of 
trimethylsilyl groups makes molecules more volatile and therefore suitable for gas chromatogra-
phy. Urine is a complex liquid that contains compounds like organic salts, amino acids and urea, 
in addition to sugars. As a consequence, the compound that one wants to analyse needs to be 
separated from the rest of the matrix. However, sugars do not contain functional groups that 
enable their selective isolation from urine or other body fluids, and prepurification methods are 
usually based on the removal of other (polar) substances. The method described here is based 
on the assumption that trimethylsilylated sugars are much more stable towards hydrolysis (by 
the addition of water and hydrochloric acid) than the TMS derivatives of other compounds like 
amino acids. The intact sugar TMS derivatives are, after hydrolysis of the sample, extracted into 
hexane. The method of prepurification described here is based on the method developed by Jan-
sen et al. [10] and modified by van Elburg et al. Additionally, the creatinine content is measured 
so that the lactulose and mannitol concentrations can be expressed as mmol/mol creatinine.
1. First, the standard mix and the internal standard are prepared (see section 2.2 Materials for 

prepurification and urinary analysis). See Note 3
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2. Urine is thawed before analysis. Creatinine content is measured. The pH of the urine is mea-
sured and adjusted to 5-7 if necessary by using a solution of 1 mol/l HCl.

4. The urine is centrifuged at room temperature for 10 minutes at 2800 g.
5. For the calibration line: 0, 50, 100, 200, 300 and 400 µl of the standard mix solution and the 

lactulose solution are pipetted into glass test tubes.
6. For the control samples: 90 µl of pools 1, 2 and 3 are pipetted into test tubes. For the fourth 

90 µl urine sample, 100 µl of standard mix solution and 100 µl of lactulose stock solution are 
added.

7. From each urine sample (see Note 4), the equivalent of 0.7 to 0.9 µmol of creatinine is pipet-
ted into a test tube and 100 µl of the internal standard is added, e.g., if the urine has a 
creatinine content of 12 mmol/l, then 70 µl of urine will be the equivalent of 0.84 µmol of 
creatinine. The amount of urine used is noted.

8. To all of the samples and standards, 2 ml of methanol is added.
9. The samples are placed under a stream of nitrogen and evaporated to dryness at 60 °C.
10. The dry residues are derivatised by the addition of 300 μl of Tri-sil-TBT and heated for 30 min 

at 100 °C. Addition of the Tri-sil-TBT should be done under a fume hood.
11. The sample is allowed to cool and is subsequently diluted with 1 ml of distilled water. This 

should also be done under a fume hood. Addition of the water should make a sizzling sound; 
if not, the sample is discarded (see Note 5).

12. The derivatives are extracted into 1 ml of heptane. The sample is placed on a multivortex for 
2 minutes and subsequently centrifuged at 2711 g for 5 minutes at room temperature.

13. The heptane layers are pipetted into a glass tube (alternatively, the bottom layer can first be 
frozen using a cryogenic bath). Steps 8 and 9 are then repeated.

14. The heptane layer is washed by the addition of 1 ml of 0.1 mol/l hydrochloric acid solution 
and placed on a multivortex for 1 minute.

15 The samples are centrifuged at 2711 g for 5 minutes.
16. The heptane layers are removed from the samples and a small scoop of anhydrous sodium 

sulphate is added to the heptane layer.
17. The samples are centrifuged at 2711 g for 5 minutes and the heptane layer is subsequently 

poured off into a new urine tube.
18. One drop (ca. 25 µl) of bis(trimethylsilyl)trifluoroacetamide is added in heptane to re-install 

potentially lost trimethylsilyl groups on the anomeric hydroxy group. The sample has now been 
prepurified and derivatised, and the sample is ready for injection into the gas chromatograph.

19. Start each series with injection of the standard mix solution and the pooled urine samples.
20. Inject 0.5 μl portions of the trimethylsilylether derivate (TMS). Use the following settings: a 

helium flow rate of 35 cm/s, detector temperature of 300 °C and injector temperature of 280 °C.
21. The following oven program can be used: start at 120 °C, increase by 3°C/min to 240°C, 

increase at 2°C/min to 270°C, hold for 10 min at 270 °C, raise at 20°C/min to 300 °C and hold 
for 2 min at 300 °C. This will take 68.5 minutes.
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Quantification of lactulose and mannitol
Figure 1 shows a chromatogram of the standard mix.

Figure 2 shows a typical chromatogram of a urine sample of a patient after ingestion of the 
test solution.

Figure 1: chromatogram of the standard mix

Figure 2: typical chromatogram of a urine sample of a patient after ingestion of the test solution
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The area under a peak is proportional to the amount of analyte (in this case, mannitol 
and lactulose) present in the chromatogram, and represents the concentration in the original 
sample. The area under the peak can be calculated by using a chromatography data system.

Calculations
The following calculations are used:

mannitol, myo-inositol and glucose concentrations (in µmol/l):

X/M x 1/50 x 1/25 x Vstandard x [Area int.stand./ Areastand] x [Areasample / Areaint.stand] x 1/Vsample x 103 x 
103 = concentration in µmol/l

where X is the amount of standard used for preparation of the stock in mg, M is the mol mass 
of the sugars, 1/50 is the dilution of compound X in 50 ml, 1/25 is the dilution from the stock 
solution to the standard mix solution, Vstandard is the injected volume of the standard, area is the 
calculated area under the curve, Vsample is the injected amount of sample, x103 converts mmol 
to µmol and x103 converts ml to l.

Sucrose and lactose:

X/M x 1/50 x 2/25 x Vstandard x [Area int.stand./ Areastand] x [Areasample / Areaint.stand] x 1/Vsample x 103 x 
103 = concentration in µmol/l

where X is the amount of standard used for preparation of the stock in mg, M is the mol mass 
of the sugars, 1/50 is the dilution of compound X in 50 ml, 2/25 is the dilution from the stock 
solution to the standard mix solution, Vstandard is the injected volume of the standard, area is the 
calculated area under the curve, Vsample is the injected amount of sample, x103 converts mmol 
to µmol and x103 converts ml to l.
Lactulose:

X/M x 1/100 x Vstandard x [Area int.stand./ Areastand] x [Areasample / Areaint.stand] x 1/Vsample x 103 x 103 = 
concentration in µmol/l

where X is the amount of standard used for the preparation of the stock in mg, M is the mol 
mass of lactulose, 1/100 is the dilution of lactulose in the stock solution, Vstandard is the injected 
volume of the standard, area is the calculated area under the curve, Vsample is the injected 
amount of sample, x103 converts mmol to µmol and x103 converts ml to l.



534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn
Processed on: 2-12-2019Processed on: 2-12-2019Processed on: 2-12-2019Processed on: 2-12-2019 PDF page: 72PDF page: 72PDF page: 72PDF page: 72

72

Chapter 4

To convert the concentration to mmol per mol creatinine:

µmol/l/ creatinine mmol/l = mmol/mol creatinine

To calculate the lactulose mannitol absorption rate:

mmol/mol lactulose/ mmol/mol mannitol = lactulose/mannitol ratio

Notes
1. Due to the vulnerability of the study population, it is advised to work under sterile conditions 

during preparation of the test solutions.
2. When performing the sugar absorption test, keep an aliquot of the test solution in a -80 °C 

freezer until all analyses have been performed. The lactulose and mannitol concentrations of 
the used sugar solution can then be checked in the case of unexpected results.

3. It is important to work with clean tubes and materials. Disturbances caused by contaminated 
lab materials can be avoided by cleaning tubes and other equipment with methanol and 
pentane.

4. It is advisable to analyse samples in duplicate
5. If the addition of water in 3.4 step 11 does not produce a sizzling sound, discard the sample. 

Start over with half of the amount of urine used in the first attempt (to a maximum of 350 μl) 
and dry two times after the addition of 1 ml of methanol.
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ABSTRACT

Objectives The gastrointestinal tract of the premature newborn functions suboptimal with re-
gard to digestion, absorption and feeding tolerance. Human milk contains trophic factors, such 
as Insulin-like Growth Factor 1 (IGF-1), that are believed to stimulate gut growth and function.

The objective of this double blind, randomized, controlled trial was to assess the effects 
of enteral IGF-1 supplementation on whole body growth (measured by weight gain (in g/kg/
day), days to regain birth weight and anthropometrical characteristics) and gut maturation and 
permeability (measured by sugar absorption tests).

Patients and Methods 60 premature infants (birth weight: 750-1250 grams) were studied dur-
ing the first month of life. Patients received either standard infant formula or standard infant 
formula supplemented with IGF-1 in a concentration that is twice that of human colostrum (10 
μg/ 100 ml of formula). Primary endpoints were days to full enteral feeding, days to regain birth 
weight and growth rate. Sugar absorption tests were performed weekly to assess the secondary 
endpoints gut permeability and maturation.

Results None of the primary endpoints differed statistically significant between groups at any 
point. However gut permeability was significantly lower in the IGF-1 supplemented group on 
day 14 compared to the control group. At day 21 lactulose/mannitol excretion (L/M) ratios were 
(again) comparable between the two groups.

Conclusion Although gut permeability shows a faster decrease in the IGF-1 supplemented 
group our data do not support IGF-1 supplementation to infant formula.
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INTRODUCTION

Although the human gastrointestinal tract largely develops in utero it is not until the age of two 
years that the intestine exhibits its full range of functions. Despite this, healthy infants born 
at term are well capable of digesting enteral substrates. But the shorter the gestational age, 
the less developed gut function is and premature born infants frequently encounter problems 
with feeding. For example, they have less effective gastro intestinal motility which may result 
in retention, vomiting, abdominal distension and constipation.1 Another important aspect of 
the premature gut is an increased permeability to, for example, pathogens. A possible cause 
for this is that junctional proteins like occludin and claudins, which form the adhesion and 
sealing between the epithelial cells, are not completely expressed yet.2,3 A third manifestation 
of immaturity is the decreased activity of several digestive enzymes, like the pancreatic excre-
tions.4 The combination of these and other aspects of the premature gut makes it unsuitable 
for full enteral feeding directly after premature birth. In the first few days to weeks of life 
these children are mostly dependent on parenteral nutrition (PN) for their nutritional intake. 
However, there is a high incidence of PN associated complications (e.g. sepsis and cholestasis). 
This stresses the need for rapid improvement of gut function and transition to enteral nutrition 
in the premature newborn.

Enteral feeding is thought to be a natural stimulus for intestinal growth.5,6 But besides the 
route of administration the modality of nutrition is also important. Infants fed human milk 
have a lower incidence of gastrointestinal-related disease as compared to their formula fed 
pears, indicating a protective effect of human milk.7,8 In addition, human-milk fed infants show 
better intestinal growth and maturation.6 Bioactive compounds in breast milk are most likely 
responsible for these beneficial effects. Several growth factors that could account for this effect 
have been identified in the breast milk of mammalians. For example epidermal growth factor, 
insulin-like growth factor (IGF) and peptides are found in human milk. Recently much effort has 
been made to determine the effects of Insulin-like Growth Factor 1 (IGF-1) on intestinal function 
in newborn animals. IGF-1 is thought to be, in addition to a growth factor, also an anti-poptotic 
factor.9 The intestinal growth enhancing effect of parenteral or subcutaneous administration 
of this single chain polypeptide has been confirmed in numerous animal studies.10-12 Several 
other studies conducted to investigate the effects of enterally administered IGF-1 13-18 show 
conflicting results. Increased intestinal growth was found in newborn piglets 14, whereas no 
effect of enterally administered IGF-1 was found in rats.15 We designed this study to assess 
the effects of enteral IGF-1 administration to premature human neonates. We hypothesized 
that IGF-1 would enhance gut function and development. We expected the children fed IGF-1 
enriched formula to have a subsequent better food tolerance and to reach full enteral feeding 
earlier than the placebo group. As a result we expected these children to have higher growth 
rates and to regain birth weight earlier. To measure effects of IGF-1 on gut maturation and gut 
permeability we performed sugar absorption tests.
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PATIENTS AND METHODS

Study design
This study was a prospective, double blind, randomized, controlled study in premature infants 
with a birth weight of 750 to 1250 grams admitted to the Neonatal Intensive Care Unit of the 
Erasmus MC – Sophia Children’s Hospital. Children were excluded from the study if they had 
congenital abnormalities, congenital metabolic disorders or abnormal liver and/or kidney func-
tion. The study was conducted according to European Good Clinical Practice regulations, the 
Declaration of Helsinki and relevant Ethical and Regulatory Considerations. The Ethics Review 
Committee of Erasmus MC - Sophia Children’s Hospital granted approval for the protocol. Writ-
ten and signed informed consent was obtained from parents or legal guardians before study 
inclusion. Subjects were assigned random number codes to ensure confidentiality. Investigators 
and caretakers were unaware of group allocation.

After inclusion children were randomly allocated to the study group or placebo group.

Feeding regimen and IGF-1 supplementation
Minimal enteral feeding (MEF) was started on day 2 according to the standard protocol (6 
times a day 1 or 2 ml depending on the child’s weight) and continued until enteral feeding 
started. The nutrition used for MEF was either a standard infant formula (Nenatal®, Nutricia, 
Zoetermeer, the Netherlands, current name Nutrilon Nenatal Start) or the standard formula 
supplemented with IGF-I. Parenteral feeding was started on day 2 according to the Sophia 
Children’s Hospital protocol that was in use at the time this study was conducted (1999-2001). 
Intakes of amino acids, fats, carbohydrates and other components of PN were individually 
adapted according to standard clinical practice. Fluid intake was started directly after birth at 
60-80 ml/kg/day, depending on birth weight (<1000g = 80 ml/kg/day and >1000g = 60 ml/kg/
day) and was increased by 20 ml/kg/day. Enteral feeding, standard formula or with addition of 
IGF-1, was started on day 3 to 7 depending on the child’s condition and on the recommendation 
of the attending physician. When children tolerated enteral nutrition well, we increased the 
volume of enteral substrate by 24 ml/kg/day. Full enteral nutrition was defined as an intake of 
≥ 120 ml/kg/day (≈ 100 Kcal/kg/day). IGF-I supplemented or standard formula was given for 
a period of 4 weeks. The composition of the formula was identical except for the addition of 
IGF-I. The supplemented dose of IGF-I was 10µg/100ml of formula. This dose is roughly twice 
the concentration found in human colostrum as found by Eriksson et al. (5.2 ± 0.23 µg/100ml 
(mean±SD)19 and Suikkari (4.9 ± 1.7 µg/100ml).20 We choose to supplement the IGF-1 in this 
concentration during the entire study period in trying to maximize the effect in the gut. Serum 
levels of IGF-1, IGF-1 Binding Protein 1, IGF-1 Binding Protein 3 and GH were measured on day 
1, day 7 and once weekly thereafter to assure that levels would not rise to supra physiological 
concentrations on a whole body level.
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Preparation of IGF-1
IGF-I was extracted from bovine whey. Enrichment was achieved by using anion exchange 
chromatography and subsequent hydroxy apetite chromatography. The amino acid sequence 
of bovine IGF-I is identical to that of human IGF-1.21 To characterize the protein components 
of bovine IGF enriched preparation, SDS-PAGE in combination with Western blotting was used. 
Apart from IGF-I, only immunoglobulines were present in the IGF enriched preparation. Caseins, 
a-lactalbumin, b-lacto globulin, bovine serum albumin, glycomacropeptide and angiogenine 
were not traceable in the preparation and the PCB content was less than 0.1 mg/l. Stability 
of IGF-1 was tested with bioassay as described previously 22,23 and ELISA (Diagnostic Systems 
Laboratory, DSL-10-5600) before and during the study. After preparation the IGF-1 was stored 
at –20 C until use.

Data collection
We collected data related to feeding tolerance (eg presence or absence of retention, vomiting 
and distension of the abdomen, consistency of the feces), days to regain birth weight, days to 
full enteral feeding and proportion of enteral intake of the total intake for 28 days after the 
child’s inclusion. Need for ventilatory support, supplemental oxygen, antibiotics, corticoste-
roids, indomethacin or blood transfusions and presence of sepsis (culture proven), NEC or IVH 
were assessed daily. We applied the CRIB-score to assess initial neonatal mortality risk.24 This 
score quantifies risk of mortality on the basis of scores given to birth weight, gestational age, 
maximum and minimum fraction of inspired oxygen and maximum base excess during the first 
12 hours after birth and presence of congenital malformations.

Anthropometrics
Two investigators (IvV and SvdS) recorded several anthropometric data on the day of birth, on 
day 7 of life and once weekly thereafter until day 28. Measurement of knee-heel length is a 
technique for longitudinal assessment of growth rate in a preterm infant.25 Knee-heel length is 
recorded with a knemometer. Calf circumference is a major predictor of total body fat in infants 
younger than 12 months.26 Although skin fold thickness as a single variable does not correlate 
with body composition in early infancy 27, the combination of calf circumference, weight and 
sum of triceps, sub scapular and quadriceps skin fold thickness may be a good predictor of total 
body fat. 26 Skin fold thickness (in this study biceps and triceps), head-and calf circumference 
were measured with purpose-made calipers as previously described by van Goudoever et al.28

Lactulose/mannitol excretion ratio
To assess gut permeability we performed lactulose/mannitol excretion tests at day 7 and once 
weekly thereafter (day 1, 7, 14, 21 and 28). This test is based on the difference in which these 
two sugars pass the intestinal mucosa. Mannitol is normally not present in blood or urine but 
after oral administration it is for more than 90% absorbed in the duodenum and jejunum by 
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means of passive transport. It is quickly and unchanged excreted by the kidneys. Humans lack 
the enzyme to digest lactulose and if the mucosa is intact lactulose is poorly absorbed. Only 
small amounts are absorbed via the paracellulair route and are unchanged excreted by the 
kidneys. In urine the ratio between the two excreted sugars is calculated. We used the test as 
described previously by van Elburg et al.29 Under pathological conditions the L/M ratio can be 
increased due to increased permeability to lactulose and/or decreased permeability to man-
nitol.

Lactulose/lactose excretion ratio
To assess a component of gut maturation we performed lactose/lactulose tests at day 14 and 
once weekly thereafter. Lactase is the enzyme necessary for the digestion of lactose and its 
activity is generally considered to be a measure of gut maturation. Lactose is the main car-
bohydrate in human milk and constitutes 50% of the carbohydrate content of most preterm 
infant formulas.30 Unhydrolysed lactose has the same molecular weight and size as lactulose 
and shares the same pathway of passive up-take, volume distribution and renal clearance. As 
both lactose and lactulose are poorly absorbed by the intact mucosa, only small amounts are 
absorbed by the paracellulair route. In the absence of intestinal lactase, similar fractions of 
ingested lactose and lactulose permeate the intestine and the lactulose/lactose ratio of per-
centages excreted in the urine should approach 1. When lactase is present in the intestine, the 
concentration of lactose will fall which will result in a higher lactulose/lactose ratio. Test results 
were analysed when children were on full enteral feeding. This test has been used in preterm 
infants before.30

Data analysis
Student’s T-test was applied to all variables with a Gaussian shaped distribution. The Mann Whit-
ney U test was applied to all variables with an asymmetric distribution. Nominal variables were 
represented by frequencies and percentages and were tested with the Chi-square statistic, or 
with the Fisher’s exact test when appropriate. Data concerning days on ventilatory support, days 
on antibiotics, hospitalization and numbers of culture proven sepsis are expressed as median 
(range). Demographics and clinical data such as NEC, IVH, dexamethason or indomethacin use 
and mortality are presented in percentages. All data concerning growth and feeding tolerance 
are expressed as means ± SDs. Differences were considered statistically significant at P < 0.05. 
Statistical analysis was performed with SPSS software, version 10.1.0 (SPSS Inc, Chicago, USA). 
All statistical analyses requiring repeated measurements analyses because of incomplete data 
were carried out using SAS software version 8.2 (SAS Institute Inc., Cary, USA). Data concerning 
weight gain were analyzed using piecewise linear regression, or: ’broken-stick’ method, with a 
breakpoint at day 7. Power analysis based upon the primary endpoints suggested inclusion of 
21 children per group to detect a difference of 1 SD (= improvement in feeding tolerance of 5 
days) with 90% power, given a type I error of 0.05 two-sided.
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RESULTS

Informed consent was obtained for 99 infants, who were randomly allocated to either standard 
infant formula or IGF-I supplemented infant formula. Twenty-two children were excluded from 
final analyses because they received also some own mother’s milk. First, as amounts varied per 
individual and per group, second as the composition of human milk varies between feeding and 
days. Third, own mother’s milk contains IGF-I and intake may thereby influence the study re-
sults. Data from 17 other patients were not used for other reasons as shown in figure 1, leaving 
60 in the final analysis (see figure 1 for flowchart). Characteristics of the 99 patients intended 
to treat are shown in table 1. None of them differed significantly between the intervention and 
the control group.
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FIGURES: 

Figure 1: Flowchart 
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Figure 1: Flowchart
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Characteristics of the final control group and the IGF-1 group did not differ significantly 
between groups (data not shown). Clinical data for the two groups, such as occurrence of 
necrotizing enterocolitis or intraventricular hemorrhage, use of dexamethason or antibiotics, 
days on ventilatory support and days of NICU/hospital stay and mortality, are shown in table 2. 
These also did not differ significantly between groups.

There was no statically significant difference in serum levels of IGF-1, IGF-1 Binding Proteins 
1 and 3 and GH between groups at any point during the study (data not shown).

TABLE 1: Clinical characteristics of 99 patients intended to treat.

IGF-I (N=50) control (N=49) P-value*

Sex male (n)
female (n)

27 (54%)
23 (46%)

21 (43%)
28 (57%)

0.27

Gestational age (wk) 29 (26-33) ‡ 28 (25-33) ‡ 0.19

Birth weight (g) 975 (750-1250) ‡ 920 (750-1250) ‡ 0.45

Prenatal steroids 27 (54%) 31 (63%) 0.83

PROM (>24hr) 7 (14%) 11 (22%) 0.28

HELLP 18 (36%) 17 (35%) 0.89

Umbilical pH † 7.25 (6.99-7.42) ‡ 7.27 (6.86-7.41) ‡ 0.56

CRIB-score 3 (1-10) ‡ 3 (0-11) ‡ 0.85

Apgar (5 min) 8 (1-10) ‡ 8 (5-10) ‡ 0.23

*all indicate non–significant difference.
† Umbilical pH was could not be determined in all patients (IGF-I n=40 and control n=42)
‡ median (range)

TABLE 2: Clinical data of 60 patients who finished the study.

IGF-I (N=28) control (N=32) P-value*

NEC (n) 2 (7%) 3 (9%) 1

IVH (total) (n)
≤ 2
> 2

9 (32%)
8 (29%)
1 (4%)

7 (22%)
5 (16%)
2 (6%)

0.37

Dexamethason (n) 5 (18%) 9 (28%) 0.35

Mechanical ventilation (days) 6 (0-38) † 10 (0-49) † 0.32

Nasal CPAP (days) 16 (0-57) † 12 (0-80) † 0.66

Oxygen (days) 10 (0-152)† 9 (0-220) † 0.69

Antibiotics (days) 16 (0-51) † 16 (0-68) † 0.89

NICU stay (days) 37 (12-152) † 30 (9-220) † 0.94

Mortality (n) 0 3 (9%) 0.24

*all indicate non-significant difference
† median (range)
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The primary endpoints, expressed as days to full enteral feeding (figure 2), days to regain 
birth weight (figure 3) and growth rate did not significantly differ between the IGF-1 and the 
control group. Full enteral feeding (defined as an intake of > 120 ml/kg/day) was reached in 
12.6 (± 4.4) days in the IGF-1 group vs. 12.8 (± 4.2) days in the control group (p= 0.73). The 
percentage of total caloric intake that was administered enterally at day 28 of the study period 
was 93.1 % in the IGF-1 group vs. 86.7% in the control group (p=0.38). The infants in the IGF-1 
group regained birth weight in 8.6 (± 3.9) days versus 9.4 (± 5.4) days in the control group 
(p=0.89).

Growth related parameters such as weight gain, head circumference, knee-heel length and 
calf circumference, did not differ statistically significant between groups (table 3).

Figure 2: Days to reach full enteral feeding in the control and IGF-1 group. There is no statistically significant 
difference between groups.

Control group IGF-1 group
0

10

20

30

D
ay

s

Figure 3: Days to regain birth weight in the control and IGF-1 group. There is no statistically significant differ-
ence between groups.
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Mean weight gain in g/kg/day was 11 for the intervention group and 9 for the placebo 
group over the total period of 28 days. Growth velocity of head circumference and extremities 
did not significantly differ. However, during the third week we observed an evident, but not 
significant, growth retardation in the control group, most likely as a result of the administration 
of steroids to 6 patients in this group at the time versus one in the intervention group.

The first secondary endpoint was gut permeability, expressed as lactulose/mannitol urinary 
excretion ratio. The general trend was a decline in L/M ratio in time as is shown in figure 4. At 

TABLE 3: Anthropometrical data of 60 patients over 28 days (mean ± SD).

IGF-I (N=28) control (N=32) P-value*

Weight gain (g/kg/day) 11 9 0.97

Head circumference (cm/day) 0.095± 0.019 0.093± 0.019 0.93

Knee heel length (mm/day) 0.26± 0.072 0.23± 0.069 0.74

Calf circumference left
(mm/day) right

0.023± 0.007
0.028± 0.007

0.019± 0.007
0.023± 0.007

0.71
0.60

Triceps left
(mm/day) right

0.011± 0.005
0.011± 0.005

0.009± 0.005
0.010± 0.005

0.77
0.79

Biceps left
(mm/day) right

0.015± 0.005
0.011± 0.005

0.011± 0.005
0.008± 0.005

0.55
0.65

Values are presented as mean ± SD
*all indicate non-significant difference.
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Figure 4: Lactulose/Mannitol excretion ratio 
White bars: Control group, Grey bars: IGF-1 group
*Indicates statistically significant difference (p=0.022) between groups
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day 1 and day 7 there was no statistically significant difference in L/M ratio between the IGF-1 
group and the placebo group. At day 14 there was a statistically significant difference between 
the two groups as the mean ratio in the IGF-1 was 0.06 and in the placebo group 0.12 (p=0.022). 
At day 21 L/M ratios were (again) not significantly different between the two groups.

The second secondary endpoint was gut maturation, expressed as lactase activity. This did 
not differ significantly between the two groups at any point as is shown in figure 5.

DISCUSSION

Our findings do not point at a substantial benefit of enteral IGF-I supplementation on food tol-
erance, growth, gut maturation (depicted as lactase activity) or gut permeability in premature 
infants during the first month of life. The only potential beneficial finding was a significant lower 
L/M ratio in the IGF-1 supplemented group at day 14 compared to the control group. However, 
at day 21, L/M ratio’s were (again) comparable between groups. This is in contrast to the find-
ings from most animal studies on IGF-I supplementation.10-12,14,16-18 Several differences in the 
study design, in addition to the species related differences, may explain this discrepancy. First, 
in most animal studies IGF-I was supplemented in high supra physiological doses. In our trial 
we used a dose of twice the amount of IGF-I in colostrum. Second, in most human studies IGF-1 
was administered intravenously (IV)31 or subcutaneously (SC).32 Beneficial effects of enterally 

Day

28211471

ra
tio

 la
ct

ul
os

e/
la

ct
os

e

30

20

10

0

Figure 5: Lactulose/Lactose excretion ratio
White bars: Control group, Grey bars: IGF-1 group
There is no statistically significant difference between groups.



534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn
Processed on: 2-12-2019Processed on: 2-12-2019Processed on: 2-12-2019Processed on: 2-12-2019 PDF page: 88PDF page: 88PDF page: 88PDF page: 88

88

Chapter 5

administered IGF-1 have been found in various animal studies.14,16-18 Burrin et al. conducted 
a study were they enterally administered IGF-1 in supra physiological doses to newly born 
piglets.14 After only 4 days of supplementation these piglets showed increased small intestinal 
weight, increased intestinal villus height and increased protein and DNA content compared 
to controls. There was also a trend towards increased body weight gain and increased weight 
of liver and spleen, although this was not significantly different from controls. On the other 
hand, Flohenhag et al. performed a study in which they compared 7-day oral and subcutaneous 
administration of IGF-1 to weaned rats.15 Rats given the IGF-1 subcutaneously were found to 
have significantly increased relative weights of the small intestine, increased duodenal crypt 
depth and villus height compared to control rats. The same dose given orally had no effect. This 
seems to be in conflict with the study results from Burrin et al. but in concordance with our 
results in premature human neonates.

Third, to measure effects of IGF-1 we only used non-invasive techniques and observational 
parameters whereas in most animal studies it was possible to directly examine the effects on 
the intestine and measure effects on intestinal volume, villus height and crypt growth. Other 
arguments explaining the different findings might be that our study period was too short. 
Taking into account that most infants in our study receiving IGF-I were on complete enteral 
feeding after 12 days, there were 16 days follow-up left with a maximal IGF-I intake. However, 
improvement in feeding tolerance and growth should be manifest in the first few weeks of life, 
as feeding intolerance especially is a major problem in this period. In the before mentioned 
study by Burrin et al. the effects of enterally administered IGF-1 were observed already after 4 
days, which might be explained by the administration of the high doses as discussed previously. 
In our study the IGF-1 was added to the formula and not given as a separate pharmaceutical 
supplement, also because of regulatory reasons. However this implies that in the first 12 days 
lower amounts of IGF-1 were administered as compared to the period thereafter. This may 
also explain the lack of effect of the supplemented IGF-1 because the largest decrease in gut 
permeability is during the first week of life.

The fact that formula supplementation with IGF-1 did not improve gut maturation, feeding 
tolerance and growth in the first month of life suggests that not IGF-I alone but another factor 
or a combination of trophic factors and hormones in human milk may be responsible for the 
thriving of infants fed with human milk. It is very well possible that Epidermal Growth Factor 
(EGF), another important growth factor in milk, IGF-1 and other growth factors in milk have an 
enormous synergistical effect on each other. In addition, the presence of IGF-I receptors in the 
intestine of premature infants might be relevant. Animal studies have shown the presence of 
IGF-I receptors in the intestine of newborn animals.13,33-37 These studies report an abundance of 
receptors pre- and postnatally. Receptor expression and receptor binding capacity in intestinal 
mucosa is variably affected by age and differs for various intestinal sites.33 The IGF-I binding 
capacity was highest in the small intestine 33,35,37 and remained fairly constant during the first 
period of life.37 Research about intestinal IGF-1 receptors in (premature) human neonates is 
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hampered by ethical considerations. Translation of the findings in animal studies to the situa-
tion of the human premature neonate is difficult. A last explanation for our outcome could be 
that IGF-1 is better protected from degradation in the gastrointestinal tract as a component of 
breast milk compared to formula because the latter lacks protease inhibitors and binding pro-
teins that are present in breast milk. There are also various reasons to assume that IGF-1 does 
retain bioactivity in the gastro intestinal tract of the premature newborn, for example because 
of a reduced stomach acid secretion in these infants or binding of IGF-1 to other moieties in 
infant formula (e.g. casein).

In conclusion, our data do not support supplementation of IGF-1 to preterm formula in 
concentrations used in this study.
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ABSTRACT

Background Necrotising enterocolitis (NEC) incidence and possibly also sepsis incidence is 
lower in preterm infants who are fed their own mother’s milk (OMM) compared to formula-
fed infants. It is unclear if this is caused by the protective properties of breast milk or by the 
absence of cow’s milk. Especially in early life, OMM is often unavailable to preterm infants, 
while minimal enteral nutrition is initiated immediately.

Objectives To determine if there is an association between OMM intake during the first days of 
life and the combined outcome of sepsis, NEC and death over a prolonged period.

Methods Retrospective study in infants with a birth weight <1500 g. Intake of OMM and for-
mula during the first ten days of life were recorded. The occurrence of sepsis, NEC and death 
were registered during the first 60 days. Data were analysed using Cox regression analysis, 
taking confounders into account.

Results In total, 349 Infants were included. OMM intake during the first 5 days of life was 
associated with a lower incidence of NEC, sepsis and/or death during the first 60 days of life 
(hazard ratio(HR) of the category 0.01-50% OMM intake: 0.49 [95%CI 0.28, 0.87], HR of the 
category 50.01-100% OMM intake: 0.50 [95% CI 0.31,0.83], both compared to no OMM). Dur-
ing days 6-10, the protective effect was only present if >50% of total intake was OMM (HR=0.37 
[95%CI 0.22, 0.65]).

Conclusion The type of enteral nutrition during the first 10 days of life is associated with the 
risk of NEC, sepsis and/or death during the first 60 days of life.
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INTRODUCTION

Preterm infants are susceptible to the development of necrotising enterocolitis (NEC). No single 
causative agent has been identified for this devastating disease, which affects approximately 
7% of very low birth weight (VLBW) infants (< 1500 g birth weight) [1]. Mortality from NEC is 
between 20-30%, with the highest rate of mortality in infants requiring surgery [1]. Survivors 
are at risk for life-long complications such as developmental delays and short bowel syndrome. 
In addition, preterm infants are at risk for developing bloodstream infections, with the small-
est and most premature infants having the greatest risk. The incidence of sepsis ranges from 
20-54% in VLBW infants, with a mortality rate as high as 18% [2, 3]. Sepsis increases the risk of 
long-term neurodevelopmental impairment [4]. Episodes of sepsis are often considered to be 
related to the use of intravenous catheters, but they can also be gut-derived via the enhanced 
translocation of luminal bacteria, especially in the VLBW population. The incidence of NEC is 
two- to six-fold lower in infants who receive milk from their own mother compared to their 
formula-fed peers [5], and some studies suggest that it is protective against sepsis [6]. There-
fore, own mother’s milk (OMM) is considered to be the most optimal nutrition for preterm 
infants because it contains various important bioactive substances that have bacteriocidal and 
immunomodulating capacities, in addition to macronutrients and antioxidants. The first days 
of life are the most critical period for preterm infants due to a peak incidence of sepsis at day 7 
[7], and other complications such as intraventricular haemorrhage. We therefore hypothesise 
that feeding VLBW infants with their own mother’s milk is especially important during this 
period and that improved gastrointestinal health during early life will convey benefits to the 
infant over a prolonged period of time. This study investigates whether a greater intake of 
own mother’s milk during the first ten days of life results in a decreased incidence of serious 
morbidity (i.e., sepsis and NEC) and mortality over the first 60 days of life.

METHODS

Design and setting
This retrospective audit was performed in the 30-bed level IIID neonatal intensive care unit 
(NICU) of the Erasmus MC-Sophia Children’s Hospital in Rotterdam in the Netherlands, from 
April 1st, 2009 to December 31st, 2010. At the time of the study infants were resuscitated from a 
gestational age of 24 weeks or more, except if there were contraindications. All VLBW infants ad-
mitted to the NICU within 24 hours of birth were eligible to participate in this study. We excluded 
infants who were discharged or deceased within 72 hours of birth. Infants that developed early 
onset sepsis (verified by culture) or intestinal perforation within 72 hours of birth were also 
excluded from the final analysis. The Institutional Review Board of the Erasmus MC waived 
approval for the study and informed consent was not necessary for this retrospective analysis.
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Feeding protocol
Minimal enteral feeding (MEF) is started at the first day of life, typically within 6 hours of birth. 
The only reasons to withhold MEF were large gastric retentions, suspected intestinal atresia or 
NEC. Depending on birth weight, the amount of MEF given was 0.5-2.0 mL, six times daily by 
bolus feeding. If MEF was tolerated well, hourly feedings were started on the second day of life. 
The Erasmus MC-Sophia Children’s Hospital did not have access to donor milk at the time of the 
study. If the amount of own mother’s milk was insufficient, infants were always supplemented 
with preterm formula (Nenatal Start, Nutricia Zoetermeer). The protein fraction of this formula 
contains intact cow’s milk protein.

Data collection and definitions
Information on the type of enteral nutrition (mother’s own milk or formula) that infants re-
ceived during the first 10 days of life were extracted from the Patient Data Monitoring System 
(PDMS). The proportion of mother’s own milk intake of total enteral intake (own mother’s milk 
intake in mL/ total enteral intake in mL) was calculated as well as the cumulative intake of own 
mother’s milk (total intake of own mother’s milk in mL/ kg body weight). The PDMS computer 
system was designed to record extensive data on patients such as medication use, physiological 
parameters and ventilator data. Every time formula or OMM was administered (8-24 times 
per day), the type and amount was entered in the system. As each NICU bed is equipped with 
a computer, physicians and nurses could directly enter information when they administered 
nutrition and medication, ensuring reliable documentation. Potential confounding variables 
were recorded for the first 10 days of life. These included the use of intravenous antibiotics and 
antimycotics, indwelling catheters (venous and arterial umbilical catheters and percutaneoulsy 
inserted central catheters were included), parenteral nutrition (intravenous administration 
of lipids and amino acids) and mechanical ventilation (endotracheal ventilation). Sepsis was 
prospectively monitored as part of the infection surveillance program. Sepsis was defined as 
a positive blood culture and a C-reactive protein (CRP) level above 10 mg/L [2]. All abdominal 
X-rays were examined for the occurrence of NEC, defined as Bell’s stage II or III [8]. If patients 
had undergone surgery, the operation reports were consulted to confirm the diagnosis.

Statistical methods
A multivariable, Cox proportional hazards regression analysis was performed to estimate the 
effect of the proportion of the own mother’s milk intake (or the cumulative intake in mL/ kg of 
birth weight) on the likelihood of sepsis, NEC or death. Two separate analyses were performed. 
In the first analysis, we investigated the effect of the proportion of own mother’s milk intake 
during the first 5 days of life on an event (sepsis/NEC/death) occurring between day 6 and 60. 
In the second analysis, we investigated the effect of the proportion of own mother’s milk intake 
during day 6-10 on an event between day 11 and 60. In the second analysis, only patients that 
did not have an event during day 1-5 were included. If an event occurred before day 5 (analysis 
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1) or between day 6-11 (analysis 2), the proportion own mother’s milk was calculated for the 
days preceding the event. Time to event was calculated from birth to either discharge, age 60 
days (no event) or event. For infants who developed sepsis or NEC and died as a result, the 
time to event was calculated from birth to the onset of sepsis/NEC. Potential covariates and 
confounders were evaluated by adding them to the model one at a time. These variables were: 
antibiotics (yes/no), antimycotics (yes/no), indwelling catheters (yes/no), mechanical ventila-
tion (yes/no), parenteral nutrition (yes/no), gestational age (days), birth weight (grams), small 
for gestational age (yes/ no) and gender. Only variables that had a statistically significant effect 
were retained in the final model. The proportional hazard assumption of all models was tested 
using the Schoenfeld residuals for all models. All analyses were completed using the software 
package R, version 2.13.1 (The R Foundation for Statistical Computing).

RESULTS

During the study period, 381 VLBW infants were admitted to the NICU within 24 hours after 
birth, of whom 32 were excluded from this study. Eighteen infants were discharged within 72 
hours to a post-IC High Care centre and twelve infants died before 72 hours of age. Of these 
12 cases, most were below 25 weeks of gestation (n=7). Acute respiratory failure (58%) and 
Group B streptococcal infection (25%) were the most common causes of death within 72 hours. 
Two infants were diagnosed with intestinal perforation within 72 hours after birth, which was 
likely the result of placental insufficiency in-utero due to severe pre-eclampsia. The first infant 
had received a total of 5 mL of OMM before developing intestinal perforation on the second 
day of life and the second infant had received 1.5 mL of formula before developing intestinal 
perforation on the second day of life. As a result, a total of 349 patients were included in the 
final analysis. Patient characteristics per outcome group are summarised in table 1. In total, 
2% of the infants received a diet that consisted exclusively of their own mother’s milk during 
the first ten days of life. The majority (86%) of the infants received a mix of preterm formula 
and breast milk of their own mother, and the remaining 12% of infants only received formula. 
Infants were able to tolerate full enteral feeding (defined as ≥ 120 ml/ kg/ day) after an average 
of 11 days (median, IQR 8 -15). Intake of OMM did not influence time to full enteral feeding. 
The average duration of stay at the NICU was 17 days (median, IQR 9 - 36). Infants that received 
higher amounts of formula had on average a shorter stay, however the group of infants that 
received high amounts (> 50% of enteral intake) of OMM were significantly younger than in-
fants that received solely formula. When we corrected for birth weight the effect on length of 
stay disappeared. The overall incidence of sepsis in the studied population was 22.9% and the 
incidence of NEC was 6.3%. Thirty-three infants (9.4%) died before day 60 of life. The median 
(interquartile range (IQR)) day of onset for the combined outcome sepsis, NEC or death was at 
day 9 (7-14) of life.
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The results of the multivariable Cox analyses are summarised in table 2. The group of infants 
who received milk of their own mother during the first 5 days of life had a significantly lower 
risk of sepsis, NEC or mortality (figure 1). Additionally, the intake of own mother’s milk during 
day 6 to 10 of life was associated with a decreased risk of sepsis, NEC or mortality (figure 2). 
However, this was only significant in the infants who received more than 50% of their enteral 
nutrition as own mother’s milk. The results did not change when we assessed the influence 
of the absolute cumulative intake (expressed as mL/kg body weight) on the incidence of the 
combined primary outcome (data not shown). The assumption of proportional hazards was not 
violated in either model.

Table 1: Characteristics of study infants and enteral intake grouped by outcome

Characteristics NEC, sepsis 
or death

Survivors, without 
sepsis/NEC

p-value

N 96 253

Gestational age (wks)* 27 .4 (23.9 – 37.0) 29.1 (24.0 – 32.1) < 0.001

Birth weight (g)* 920 (470 – 1490) 1090 (360 – 1495) < 0.001

Birth weight < - 2 SD (%) 2 (2%) 17 (7%)

Cummulative OMM intake (ml/kg) day 1-5* 24 (0 -167) 36 (0 -281) 0.13

Cummulative OMM intake (ml/kg) day 6-10* 109 (0 – 643) 218 (0- 740) < 0.001

Percentage OMM intake of total enteral intake 
(day 1- 5) *

39 (0 – 100) 50 (0 -100) 0.24

Percentage OMM intake of total enteral intake 
(day 6 -10) *

100 (0 -100) 100 (0 -100) 0.15

* Median (min – max)

Table 2: Results of Cox Regression for time to event (sepsis/NEC/death)

Model 1 a

Variable Hazard ratio 95% CI* P-value

0.01-50% OMM 0.41 0.23-0.74 0.003

>50% OMM 0.43 0.26-0.71 <0.001

Gender (male) 0.73 0.48-1.11 0.14

Indwelling catheters 0.31 0.18-0.53 <0.001

Antibiotics 0.22 0.09-0.58 0.002

GA 0.97 0.96-0.99 0.002

Model 2 b

Variable Hazard ratio 95% CI* P-value

0.01-50% OMM 0.53 0.20-1.36 0.180

>50% OMM 0.31 0.18-0.54 <0.001

Gender 0.62 0.39-0.99 0.044

GA 0.97 0.95-0.98 <0.001
a model based on %OMM from birth to day 5 b model based on %OMM from day 6-10, stratified by TPV (0-
2/3-4/5 days)
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Figure 1 Adjusted survival curves for sepsis, NEC or death by proportion of OMM to total intake over the first 
5 days of life. Lines represent the proportion of total intake that is OMM.
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Figure 2 Adjusted survival curves for sepsis, NEC or death by proportion of OMM to total intake over day 6 -10 
of life. Lines represent the proportion of total intake that is OMM.
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DISCUSSION

In this retrospective study, we show that the intake of own mother’s milk during the first ten 
days of life is associated with a decreased combined morbidity and mortality during the first 
60 days of life. The results of this study are consistent with the findings of Meinzen-Derr et 
al. [9] and Sisk et al. [10], who showed that there is a dose-related association between own 
mother’s milk intake and a reduced risk of NEC or death after the first 2 weeks of life. A new 
finding from this study is that own mother’s milk intake during the first 10 days of life is also 
associated with the prevention of sepsis over a prolonged period. These studies provide sup-
port for the hypothesis that own mother’s milk intake is especially important during the first 
few days of life, as is also seen in animal studies [11]. The biological mechanism is unknown, 
but it could be attributed to the protective effects of the various bioactive substances present in 
human milk. Human milk contains factors that may have bactericidal actions (e.g., lactoferrin), 
immunomodulating actions (e.g., TGF-β) bifidogenic properties (oligosaccharides) and matura-
tion-inducing properties (e.g., IGF-1). Alternatively, or concomitantly, the higher incidence of 
serious morbidity and mortality in infants with a lower intake of own mother’s milk could be 
caused by the greater intake of immunogenic cow’s milk proteins. The protein fraction of cow’s 
milk differs remarkably from the protein fraction of human milk, both in quantity and quality. 
In particular, the casein fraction of cow’s milk shows relatively little homology to human casein. 
Casein derived from cow’s milk is chemotactic for neutrophils, and it promotes the secretion 
of biological products such as cytokines. These cytokines may in turn induce or exacerbate an 
inflammatory response by modulating vascular tone and permeability. Hyperactivition of the 
immune system could be a critical factor in the development of NEC. The observation that 
formula-fed infants have a higher intestinal permeability compared to their breast fed peers 
could also be explained by the chemotactic actions of casein. Furthermore, increased intestinal 
permeability may facilitate translocation of intestinal bacteria, thereby increasing the infants’ 
susceptibility to sepsis. Abdelhamid et al. showed recently that the blood mononuclear cells 
of infants with sepsis, in addition to infants with NEC, have an enhanced pro-inflammatory cy-
tokine response upon stimulation with bovine casein when compared to healthy controls [12].

According to the feeding protocols currently in use, minimal enteral feeding is started 
immediately after preterm birth, usually within a few hours. The own mother’s milk is often 
unavailable because the onset of lactation is often delayed after preterm births. An increasing 
number of hospitals operate milk banks to supply these infants with donor milk. Meta-analyses 
show that feeding infants with donor milk reduces the incidence of NEC but also results in 
a slower growth rate[13]. Reduced postnatal growth has been associated with unfavourable 
neurodevelopmental outcomes [14]. However, in randomized study comparing donor milk and 
preterm formula infants in the two study groups had comparable neurodevelopment outcomes 
at 18 months of age [15]. The slower growth rate is caused by the lower protein and energy 
content of donor milk. Most donors have delivered at term, and the caloric content of the milk 
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is diminished by repetitive freeze-thawing. Additionally, the Holder pasteurisation process used 
for donor milk inactivates bile salt-stimulated lipase, likely decreasing the absorption of fat from 
the milk. In addition, the pasteurisation of donor milk can partially or completely inactivate 
many of the bioactive substances that are thought to be responsible for the protective benefits 
of human milk [16]. However, using donor milk in the first 10 days of life avoids the introduction 
of cow’s milk proteins, which could provide additional benefits. The lower nutritional content 
of donor milk is less concerning during this period because infants are receiving the majority of 
their nutrition via the parenteral route.

A notable finding of this study was that the presence of an indwelling catheter seemed 
to be associated with a decreased risk of the combined outcome sepsis, NEC or mortality. 
However, when stratified for the administration of parenteral nutrition (PN) this effect was no 
longer significant. Because all infants received PN during the first 5 days of life (89% received PN 
for the entire 5 days), we could not stratify for PN during the first period. This finding could be 
further explained by the presence of peripheral intravenous catheters (PIVCs) in infants with-
out an indwelling catheter. Prospective infection surveillance data from 2126 patients (99,964 
patient days) show that indwelling catheters and PIVC have similar adjusted hazard ratios for 
the development of sepsis [17], both increasing the risk of sepsis by a factor of approximately 
6. PIVCs are replaced every 36 hours, with the median number of attempts to properly situate 
the PIVC is 2 (IQR 2-4) (unpublished data). It can be hypothesised that the aseptic procedure of 
inserting an indwelling catheter has a protective effect compared to the commonly less sterile 
conditions during the insertion of a PIVC. [17].

An important weakness of this study is its retrospective design. A higher intake of own 
mother’s milk during days 1 to 10 of life might be predictive for the volume of own mother’s 
milk intake after day 10. Nevertheless, the majority of incidents took place during the early 
postnatal period, with a peak incidence at day 9. As such, these early incidents were not con-
founded by nutrition in the late postnatal phase. Whether there are benefits from avoiding the 
introduction of cow’s milk protein during early postnatal life, by supplementing own mother’s 
milk with donor milk or elemental formula if necessary, should be investigated in a randomised 
controlled trial. The results of this study highlight the importance of own mother’s milk during 
the first, most vulnerable days of life and emphasize that all efforts should be made to initiate 
lactation rapidly after preterm birth.
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ABSTRACT

The Committee on Nutrition of the European Society for Pediatric Gastroenterology, Hepa-
tology, and Nutrition aims to document the existing evidence of the benefits and common 
concerns deriving from the use of donor human milk (DHM) in preterm infants. The comment 
also outlines gaps in knowledge and gives recommendations for practice and suggestions for 
future research directions. Protection against necrotizing enterocolitis is the major clinical 
benefit deriving from the use of DHM when compared with formula. Limited data also sug-
gest unfortified DHM to be associated with improved feeding tolerance and with reduced 
cardiovascular risk factors during adolescence. Presence of a human milk bank (HMB) does not 
decrease breast-feeding rates at discharge, but decreases the use of formula during the first 
weeks of life. This commentary emphasizes that fresh own mother’s milk (OMM) is the first 
choice in preterm infant feeding and strong efforts should be made to promote lactation. When 
OMM is not available, DHM is the recommended alternative. When neither OMM nor DHM is 
available, preterm formula should be used. DHM should be provided from an established HMB, 
which follows specific safety guidelines. Storage and processing of human milk reduces some 
biological components, which may diminish its health benefits. From a nutritional point of view, 
DHM, like HM, does not meet the requirements of preterm infants, necessitating a specific 
fortification regimen to optimize growth. Future research should focus on the improvement of 
milk processing in HMB, particularly of heat treatment; on the optimization of HM fortification; 
and on further evaluation of the potential clinical benefits of processed and fortified DHM.



534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn534551-L-bw-Corpeleijn
Processed on: 2-12-2019Processed on: 2-12-2019Processed on: 2-12-2019Processed on: 2-12-2019 PDF page: 107PDF page: 107PDF page: 107PDF page: 107

107

INTRODUCTION

In a recent position paper by the European Society for Pediatric Gastroenterology, Hepatology, 
and Nutrition Committee on Nutrition, it was concluded that breast-feeding is the natural and 
advisable way of supporting the growth and development of healthy term infants (1). Human 
milk (HM) also offers benefits to preterm infants (2–4); however, in preterm infants, breast-
feeding may not be possible, and own mother’s milk (OMM) may not be available. In this situ-
ation, donor HM (DHM) and preterm infant formula are the alternatives. Official bodies such 
as the World Health Organization (5) and the American Academy of Pediatrics (6) recommend 
the use of donated breast milk as the first alternative, when maternal milk is not available. 
American Academy of Pediatrics states that in such a situation, pasteurized DHM should be 
the first choice for preterm infants. To offer this opportunity to preterm infants, HM should 
be obtained from a HM bank (HMB). The number of HMBs is rapidly increasing worldwide. At 
present, in Europe, there are 186 HMBs, and new banks will be established with the support of 
the European Milk Bank Association (www.europeanmilkbanking.com); however, DHM is not 
available to all preterm infants. In many countries, national policies to improve infant health 
outcomes consider DHM obtained from an HMB to be a reasonable and effective tool in the 
delivery of health care to infants and children (7). Some countries have developed national 
guidelines that are published in English (8–11). This review aims to document the published 
evidence regarding the benefits deriving from the use of DHM for preterm infants, and to ad-
dress the main concerns limiting its widespread adoption as a standard care. It also outlines 
the gaps in knowledge, and gives recommendations for practice and suggestions for future 
research.

METHODS

The literature review included electronic searches of MEDLINE (1966–October 2011), EMBASE 
(1980–October 2011), CINAHL (1981–October 2011), the Cochrane Library, and conference 
proceedings. The electronic search used the following text words and MeSH terms: donor 
milk, human milk, breast milk, banked milk, milk bank, milk banking, (human milk OR breast 
milk) AND outcomes, (human milk OR breast milk) AND necrotizing enterocolitis, (human milk 
OR breast milk) AND infection, (human milk OR breast milk) AND neurodevelopment, (human 
milk OR breast milk) AND bronchopulmonary dysplasia, (human milk OR breast milk) AND 
(pasteurization OR heat). Reference lists of the previous reviews and relevant studies were 
examined. Trials that had been reported only as abstracts were eligible for inclusion if sufficient 
information was available from the report.
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CLINICAL BENEFITS DERIVING FROM THE USE OF DHM

Randomized controlled trials (RCTs) focusing specifically on pasteurized DHMas a sole diet are 
sparse because it is no longer considered acceptable to randomize infants to any other diet if 
OMM is available. In most of the studies randomly assigning infants to HM or formula, the HM 
group includes both OMM and DHM.

Necrotizing Enterocolitis (NEC)
Three systematic reviews (2,12,13) addressed specifically the effect of DHM versus formula 
on clinical outcomes. All of these reviews suggest that the use of DHM has a protective effect 
against NEC in premature infants. The Cochrane review in 2007 (12) considered 5 RCTs con-
ducted in preterm and low-birth-weight infants: Gross et al 1983, Lucas et al 1984 (trials 1 and 
2), Schanler et al 2005, and Tyson et al 1983 (14–18). In these studies, Gross et al (14) compared 
term formula with unfortified DHM, whereas Lucas et al (15,16) and Tyson et al (17) compared 
preterm formula (PF) with unfortified DHM. Lucas trial 1 provides NEC incidence comparing 
an exclusively DHM diet with PF in 159 infants, whereas Lucas trial 2 compares DHM with PF 
as a supplement to OMM (15,16). The RCT conducted by Schanler et al (18) is the only one 
comparing PF with fortified DHM. DHM was pasteurized in all of the studies except the Tyson 
RCT (17). A meta-analysis of data from 5 trials demonstrated a significantly higher incidence of 
NEC in formula-fed infants (typical relative risk 2.5, with 95% confidence interval [CI] 1.2–5.1). 
The observed effect sizes were similar across 5 studies, and there was no statistical evidence 
of heterogeneity. The pooled estimate suggests that 1 extra case of NEC will occur in every 33 
infants who receive formula milk. The systematic review and meta-analysis of Boyd et al in 2007 
(2) and an earlier systematic review and meta-analysis by McGuire et al in 2003 (13) came to 
similar conclusions. The paucity of data on comparison of formula milk with nutrient-fortified 
HM (only 1 study) is the limitation in these reviews and highlights the need for new RCTs com-
paring the effect of fortified donor milk versus PF on NEC occurrence. An intriguing point is the 
mechanism through which DHM may be offering protection against NEC. This protection may 
be through the supply of immunoprotective factors to the immature mucosa; however, the 
absence of harmful antigens may also be a contributing factor (19). NEC may be caused by the 
detrimental effect of native cow’s-milk protein on the developing human intestine. A recent 
multicenter RCT compared the outcomes of very-low-birth-weight (VLBW) infants fortified by 2 
different kinds of HM fortifier (HMF) (20). One group received HM-based HMF (HM concentrate 
with minerals and vitamins), whereas the other received bovine milk–based HMF and PF. The 
HM-based fortifier group had a significantly lower incidence of overall and surgical NEC than 
the other group.
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Conclusion and Comments on NEC
• Feeding preterm infants with DHM is associated with a decreased risk of NEC when compared 

with formula feeding.
• There are limited data on the comparison of feeding with fortified DHM versus PF. Because 

fortification of HM is the present practice for preterm and particularly for VLBW infants, 
future studies should compare the effect of feeding with fortified DHM versus formula on the 
NEC incidence.

• An exclusive HM diet (Human Milk-based fortifier) may reduce the NEC incidence even fur-
ther, but this needs to be confirmed.

Feeding Tolerance
Concerns regarding feeding intolerance and the perceived risk of NEC are the main obstacles 
for initiation and advancement of enteral feeds in VLBW infants. Three intervention trials

(14,15,21,22) conducted in the 1980s and included in the recent 2 systematic reviews (2,13) 
reported significantly fewer episodes of feeding intolerance (14,15,21), withdrawals because of 
intolerance (14), and diarrhoea (22) in the unfortified DHM group compared with the formula 
group. In the large multicenter English trial (15,21), infants fed exclusively unfortified DHM 
(trial 1) and as a supplement to OMM (trial 2) were found to establish full enteral feeds earlier 
and had fewer vomits and signs of gastric stasis compared with those who received infant 
formula; however, the data have not been published as a full article. All of the studies have 
been performed using native protein formula in contrast to hydrolyzed protein preterm infant 
formula, which has been shown to significantly improve feeding tolerance.

Conclusion and Comments on Feeding Tolerance
• Limited available data from the 1980s support the hypothesis that unfortified DHM results in 

improved feeding tolerance compared with formula.
• Studies comparing the effect of fortified DHM versus formula on feeding tolerance are lack-

ing.

Bronchopulmonary Dysplasia
One RCT (18) designed to compare the incidence of infection-related events in extremely 
premature infants (<30 weeks of gestation) observed a reduction in the incidence of broncho-
pulmonary dysplasia (BPD) (oxygen need at postmenstrual age of 36 weeks) in the fortified 
DHM-fed infants compared with those fed PF (15% vs 28%; P¼0.048).

Conclusion and Comment on BPD
• DHM may be protective against BPD. This needs to be determined by further RCTs.
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Long-Term Cardiovascular Risk Factors
Data on cardiovascular risk factors during adolescence are available from follow-up of a single 
randomized trial conducted in 5 neonatal units in the UK in the early 1980s. In 1 limb of the 
original study (15), preterm infants were randomized to receive either unfortified DHM or a 
PF; randomization was stratified according to whether or not the mother provided her own 
milk. This is the only trial in which infants have been randomized to HM versus formula without 
confounding by the mother’s decision to breast-feed (23). Adolescents (ages 13 to 16 years) 
who had been randomized to receive DHM, either as sole diet or as a supplement to maternal 
breast milk during the neonatal period, had significantly lower mean blood pressure (BP) (mean 
differences 4.1); however, follow-up was 26% only (24). Adolescents who had been randomized 
to DHM also had a more favorable plasma lipid profile, with a lower ratio of low-density to 
high-density lipoprotein cholesterol than those fed PF (25). Owing to the low percentage of 
follow-up (26%), the significance of these findings is uncertain.

Conclusion and Comments on Cardiovascular Risk Factors
• DHM in early life may have beneficial effects on cardiovascular risk factors measured during 

adolescence; the significance of these findings for the development of cardiovascular disease 
is uncertain.

• A limitation in the evaluation of these findings is that the comparison was made between PF 
and unfortified DHM. This practice does not reflect the present feeding strategies in neonatal 
intensive care units (NICUs). If the underlying mechanism for these effects relates to slower 
early growth, it is important to consider whether these effects would persist if fortified DHM 
is used and early growth rates are faster.

• Further studies should compare the long-term outcomes between fortified DHM versus PF 
fed infants.

Long-Term Neurodevelopment
The only RCT reporting impact of DHM on neurocognitive outcomes is the English 3-center 
study (26). In this study, 502 preterm infants were assigned to receive either unfortified 
mature DHMor PF as sole enteral feeds or as supplements to OMM. PF was associated with 
an improved neurocognitive outcome at 1 year and no difference in neurocognitive outcomes 
(Bayley scores) was seen between the 2 diet groups at 18 months, but it must be noted that the 
DHM collected in the United Kingdom in the early 1980 s had an energy content of 50 kcal/100 
mL. The low energy content was the result of the fact that collected DHM was frequently drip 
milk which had a lower fat content (26). Despite the importance of this outcome parameter, 
no further follow-up results have been published by the authors with regard to long-term neu-
rodevelopment, whereas other parameters such as cardiovascular biomarkers in adolescence 
have been published.
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Conclusion and Comments on Neurodevelopment
• No beneficial effect on neurocognitive outcome has been shown in the only available RCT.
• The comparison was made between PF and unfortified DHM, which was frequently drip milk 

having low energy content. This practice does not reflect the current feeding strategies in 
NICUs.

• Studies comparing fortified DHM and PF groups with regard to neurodevelopment are 
needed.

Allergy
The neonatal period is a critical window of opportunity for immunological adaptation. HM plays 
an important role in the development of the immune system through its immunoactive

factors. Among these factors, HM oligosaccharides and long-chain polyunsaturated fatty 
acids are well-known key immunomodulating components (27,28). Recently, HM transforming 
growth factor-b has been indicated as an immunoregulatory cytokine, particularly for allergy 
prevention (29,30). The English multicenter trial evaluating the effect of feeding in the early 
postnatal period on allergic manifestations at 18 months after term found no difference in the 
incidence of allergic reactions between the DHM- and formula-fed groups (31); however, in 
a subgroup of preterm infants with high risk for allergy, cow’s-milk–based formula increased 
the risk of developing 1_ allergic manifestations (particularly eczema) (odds ratio 3.6; 95% CI 
1.4–9.1). High risk was defined as having a firstdegree relative with a history of atopic disease 
(eczema, asthma, hay fever, drug reactions, or confirmed food allergy). No studies are avail-
able examining the influence of HM as compared with formula in infants with a high risk for 
developing allergy.

Conclusion and Comment on Allergy
• The only available RCT shows that DHM does not have a protective effect against the develop-

ment of allergy in preterm infants; however, the same RCT reports a protective effect of DHM 
against eczema in preterm infants at high risk for allergy.

CONCERNS AND UNCERTAINTIES

Safety

Microbiological Safety
DHM should be obtained from established HMBs that follow specific guidelines for screening, 
storage, and handling procedures to optimize its composition while ensuring its safety for the 
recipient (32). Many countries now have their own HMB guidelines (8–11,33). The first HMB was 
established as early as 1909 in Vienna, Austria. Many banks have been established since then, 
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and some closed following the early years of the HIV pandemic in the 1980s. Pasteurization of 
the milk minimizes the risk of disease transmission via HM, inactivating most of the viral and 
bacterial contaminants. In addition, donors are screened in a similar way as for blood donation. 
No report has been published showing transfer of diseases through pasteurized DHM, although 
milk may contain microorganisms (34). Nevertheless, HMBs, like blood banks, should be aware 
of the threat of emerging (milk transmissible) pathogens that are not included in contemporary 
screening protocols. There is concern that growth of Bacillus sp during the heating process may 
be increased (35); however, although spore-forming Bacillus sp may survive pasteurization, 
this is thought to be a rare contaminant of human breast milk in contrast to cow’s milk (36). 
Regardless, this type of contamination can be controlled by proper storage and handling after 
pasteurization, which should prevent any Bacillus sp from growing. HMBs should have policies 
for microbiological quality control.

Chemical Pollutants, Including Drugs of Abuse
Environmental pollutants such as mercury, dioxins, and polychlorinated biphenyls (PCBs) are 
taken up via food and stored in fatty tissue. There are no specific studies conducted with DHM. 
Some of the pollutants can act as endocrine disruptors involving thyroid, hypothalamus, and 
gonads (37,38). Prenatal exposure to an organochlorine compound has been reported to result 
in impaired neurodevelopment at 4 years (39), whereas perinatal exposure to high PCB levels 
has been associated with neurotoxicity (40), and perinatal dioxin exposure has been associated 
with persistent hematologic and immunologic disturbances (41). Theoretically, these sub-
stances can be excreted in breast milk. The concentration of PCBs and dioxins in breast milk of 
European women has decreased during the last decade as a consequence of measures against 
environmental pollution. Furthermore, as suggested in the study, monitoring the effect of PCBs 
in colostral milk on the visual function in infants (42), HM may be offsetting potential deleteri-
ous effects of these pollutants through its various biofactors. Future studies should address 
the presence of these pollutants in DHM and their possible effects on infant health. Besides 
environmental pollutants, other unwanted substances such as medication, alcohol, nicotine, 
and drugs of abuse are also excreted into the milk. Presently, no internationally accepted list 
of medicines that can safely be used by milk donors exists. HMBs are therefore expected to 
compile their own list based on available literature and pharmacological properties. Because 
DHM is generally intended for sick and premature infants, and infants are often exposed to milk 
from >1 donor, guidelines for medication use in HM donors should be more strict than those 
for women who are solely feeding their own healthy infants. The safety of DHM relies heavily 
on the accurate reporting of nicotine, alcohol, or drug abuse of potential donors because it is 
not feasible to routinely test all milk for a wide range of harmful substances. Special attention 
should also be paid to the use of herbal remedies and herbal teas because some contain harm-
ful substances, for example, fennel tea can contain substantial amounts of estragole (43).
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Conclusion and Comments on Safety
• DHM should be pasteurized.
• Donors should be screened in a similar way as for blood donation, and should be asked about 

their use of alcohol, nicotine, and drugs.
• Studies are needed to address the presence and possible health consequences of pollutants 

in DHM.

Alterations in Nutritional and Biological Quality of DHM
Some significant concerns are related to the possible alterations in the nutritional and biologi-
cal quality of DHM because of its handling and storage, but particularly because of the heat 
treatment. Holder pasteurization (62.58C, 30 minutes) is the most commonly used method. It 
results in the loss of the quantity and/or activity of some biologically functional milk compo-
nents to varying degrees: 1. Mild to moderate decrease in IgA and secretory IgA

concentrations (_20%–30%, range 0%–60%) and activity (33%–39%) (44–53). 2. Consider-
able loss in concentration/activity of lactoferrin (50%–75%) (46,47,49–51,54,55), lysozyme 
(24%–74%) (44–48,50–52,54), IgG (34%–76%) (45,47), some cytokines (interleukin-10, tumor 
necrosis factor-a) (56,57), growth factors, and hormones (insulin-like growth factor 1, adino-
pectin, insulin, and leptin) (58–60), and antioxidant capacity of HM (61). Almost complete loss 
of lipase activity (44,49), IgM (concentrations) (45,46), and white blood cells (62,63). Other 
nutritional and biological components, such as oligosaccharides (64), lactose, glucose (65,66), 
long-chain polyunsaturated fatty acids, gangliosides (57,67,68), vitamins A, D, E, B12, folic acid 
(44,69), some cytokines (interleukin-2, -4, -5, -8, -13) (57), and some growth factors (EGF and 
TGF-b1), are preserved (56,58). Holder pasteurization maintains the bactericidal activity of the 
milk against Escherichia coli better than high-temperature short-term pasteurization (70). It 
has been also shown that despite the reduction in IgA concentrations, remaining molecules in 
the Holder-pasteurized HM effectively inhibit bacterial (enteropathogenic E coli) adhesion (71). 
Similarly, in an earlier study, although

Holder pasteurization decreased the activities of specific antibody to E coli and lactoferrin, 
pasteurized milk remained effective at inhibiting in vitro growth of E coli (54). New methods to 
improve the biological quality and safety of DHM are under investigation (72). High-tempera-
ture short-term pasteurization (flash pasteurization, 728C for 5–15 seconds) (44,49,55,58,70) 
and its homemade low-tech variant for developing countries (flash-heat treatment) (73–75), 
thermoultrasonic treatment (50), high-pressure processing (76,77), and Ohmic heat treatment 
(72) are the alternative methods on which present studies are focused.

Conclusion and Comments on Nutritional and Biological Quality of DHM
• Holder pasteurization, the most commonly used procedure, is safe but reduces the nutri-

tional/biological quality of DHM.
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• Pasteurization should be optimized to maintain microbiological safety while preserving the 
highest amount and activity of the bioactive milk components.

Slow Growth

Slow Growth Because of Inadequate Nutrient Content of DHM
HM does not meet the high nutrient requirements of the VLBW infant. Standard multicompo-
nent fortification of HM designed to optimize nutritional intakes (78) often falls short of this 
goal with regard to protein (79,80). This problem may be amplified with DHM, which is most 
often provided by the mothers of term infants beyond 1 month postpartum and which is likely 
to have lower protein content than preterm mothers’ milk (66,81–83). A recent observational 
study indicates that using standard fortification, weight gain is faster in preterm infants fed 
OMM than in those fed DHM, whereas there is no difference in terms of linear growth (84). 
The systematic reviews of Quigley (12) and Boyd (2) reported that preterm or low-birth-weight 
infants who received formula regained birth weight earlier and had higher short-term rates of 
weight gain, linear growth, and head growth than infants who received DHM; however, of 8 
trials included, only 1 (18) compared fortified DHM with PF. In this trial, infants fed DHM had a 
slower rate of weight gain compared with PF (17.1 vs 20.1 g _ kg_1 _ day_1; p < 0.001). Length 
and head circumference increments were similar in the 2 groups. The fat and protein content 
of HM is extremely variable, and protein decreases with lactation duration. In recent years, it 
has become evident that preterm infants fed fortified HM (OMM or DHM) receive less protein 
than assumed (85) and continue to grow more slowly in the short term, even with standard 
HM fortification, compared with PF-fed infants. Although there is some uncertainty about the 
optimal growth, postnatal growth failure has not been solved with HM fortification in standard 
fashion (79). Thus, HM fortification should be optimized to achieve better short-term growth, 
which is associated with improved neurocognitive outcome. Individualized fortification has 
been shown to be effective in improving protein intake, weight gain, and head circumference 
gain (86,87). There are 2 ways to individualize HM fortification: ‘‘adjustable fortification’’ (in-
dividualization based on blood urea nitrogen measurements) (86) and ‘‘targeted fortification’’ 
(individualization based on milk analysis) (87). Improvement of the quality of HMF is a further 
issue, and HM-based fortifier may offer benefits compared with cow’s-milk–based fortifiers 
as shown in the multicentric study using Prolact H2MF (HM concentrate with minerals and 
vitamins) (20). Earlier studies showed that infantsfed exclusively HM proteins (HM2HM protein 
supplement) have plasma amino acid concentrations that differ significantly from those fed ei-
ther whey-predominant or casein-predominant formulas at similar protein intakes. The amino 
acid pattern of low-birthweight infants fed exclusively HM proteins is similar to the pattern 
found in growing breast-fed term infants (88,89). Potential Slow Growth Because of Alterations 
in the Nutritional Quality of DHM. As mentioned before, lipase activity is almost completely 
lost following Holder pasteurization. It has also been shown that heat induces alterations of the 
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milk fat globule surface removing the glycoprotein filaments (90). These heat-induced changes 
can explain the reduced milk fat absorption reported in pasteurized HM-fed preterm infants 
(91,92). Optimizing the heat processing and determining the best method of pasteurization for 
maintaining the nutritional and biological quality of DHM are essential.

Conclusion and Comments on Growth
• HM- and DHM-fed preterm infants have slower early growth than PF-fed infants.
• Inadequacy of standard HM fortification, particularly with regard to protein, and decreased 

fat absorption owing to the loss of lipase activity following pasteurization and loss of fat dur-
ing handling are the main factors explaining the slower growth seen in infants who receive 
DHM.

• Individualized fortification (adjustable or targeted) may help to ensure adequate nutrient 
intakes.

• Studies on the quality of fortifiers and different heat treatment strategies are needed.

Does the Presence of an HMB Compete With Breast-feeding?
The purpose of HM banking is to provide a HM supply for infants (mainly preterm). Promotion 
of breast-feeding and use of OMM come first. When OMM is not available or is insufficient, 
DHM is used along with the ongoing efforts to promote lactation. In fact, the European Milk 
Bank Association, in its constitution, states the first 3 objectives of the Association as follows: 1. 
To promote breast-feeding 2. To promote the donation of HM to HMBs 3. To promote the use 
of DHM for premature infants and other infants with specific needs who do not have access 
to OMM. Some concerns have been raised that the presence of an HMB and the use of DHM 
may attenuate the efforts to promote lactation resulting in decreased breast-feeding rates. No 
RCT could be identified addressing this concern, but recently some reports showed the op-
posite: A report from Australia (93) cites the breast-feeding rates in the 3 years following the 
establishment of an HMB. Despite a marked increase inDHMuse in the NICU, opening an HMB 
did not reduce the rate of milk expression, and breast-feeding rates at discharge increased. In 
an attempt to improve HM availability for preterm infants, health care providers of a NICU in UT 
designed an integrated approach: ‘‘Breast Milk Early Saves Trouble Program’’ (94). This program 
consisted of using exclusively HM (OMM and/or DHM) in the NICU. Its implementation for 12 
months increased HM and DHM use in NICU, and breast-feeding rates at discharge tended to 
increase compared with the situation before the implementation period (53% vs 44%; P<0.09). 
A Spanish study conducted in Madrid (95) directly addressed this concern and evaluated the 
effect of opening an HMB in a NICU on the rates of exclusive breast-feeding at discharge and 
formula use in the NICU. The researchers concluded that presence of anHMB in a neonatal unit 
did not reduce the rate of exclusive breast-feeding at discharge, but did reduce the use of infant 
formula during the first 4 weeks of life (37% vs 60%; P< 0.01). The availability of having DHM 
also enabled earlier initiation of enteral feeding.
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Conclusion and Comment on the Relation of HMBs and Rates of Breast-feeding
• The existing data show that the presence of an HMB and use of DHM in the NICU do not 

decrease the breast-feeding rates at discharge, but decrease formula use during the first 
weeks of life.

CONCLUSIONS, RECOMMENDATIONS, FUTURE RESEARCH DIRECTIONS

Conclusions
Based on the evidence presented in this commentary, the European Society for Pediatric 
Gastroenterology, Hepatology, and Nutrition Committee on Nutrition concludes the following:
1. DHM is associated with reduced NEC rates compared with cow’s-milk–based formula.
2. Unfortified DHM, like HM, is associated with slower neonatal growth when compared with PF.
3. Appropriately handled and pasteurized DHM is microbiologically safe.
4. Presence of an HMB does not decrease the breast-feeding rates at discharge, but may de-

crease formula use during the first weeks of life.

Recommendations
1. OMM is the first choice in preterm infant feeding, and strong efforts should be made to 

promote lactation.
2. When mother’s milk is not available, DHM is the preferred choice. When mother’s milk and 

DHM are not available, PF should be used.
3. No DHM should be provided outside the organization of an established HMB.
4. Adequate screening of donors and pasteurization of the donor milk should be performed.
5. DHM should be fortified to meet early nutrient requirements and achieve better short-term 

growth, which is associated with improved neurocognitive outcome. Individualized fortifica-
tion is advised.

Research Directions
1. Randomized clinical trials comparing a. The impact of feeding with PF versus fortified DHM 

on short-term clinical outcomes: growth, NEC, sepsis and other infections, retinopathy of 
prematurity, BPD, feeding tolerance, and mortality b. The impact of feeding with PF versus 
fortified DHM on long-term clinical outcomes: allergy, neurodevelopmental outcomes, obe-
sity, metabolic syndrome, and other cardiovascular risk factors c. The impact of feeding with 
DHM with bovine fortifier versus HM diet (OMM/DHMHM-based fortifier) on short-term and 
long-term clinical outcomes

2. Development and evaluation of different pasteurization techniques to optimize microbiologi-
cal safety, and to maintain the biological and nutritional quality of HM
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3. Development of systems to ensure the lowest possible level of toxic products and pollutants 
in the donor HM
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Chapter 8

ABSTRACT

Background: Medication use during pregnancy and lactation can be unavoidable, but knowl-
edge on safety for the fetus or breastfed infant is limited amongst patients and health care 
providers. 

Research aim: To determine (1) the prevalence of medication use in pregnant and lactating 
women in a tertiary academic center, (2) types and safety of these medicines and (3) its influ-
ence on initiation of breastfeeding.

Methods: Cross-sectional survey study amongst women (N=292) who underwent high-risk 
or low-risk deliveries. Data about their use of prescribed, over-the-counter and homeopathic 
medication during pregnancy were obtained through a structured interview, followed by a 
questionnaire during lactation. Safety was classified according to the risk classification system 
from the Dutch Teratological Information Service.

Results: Overall, 95.5% of participants used medication. One third of participants used at least 
one medicine with an unknown risk for the fetus. Teratogenic medication was used by 6.5% 
of participants, whereas 29.5% used medication with a (suspected) pharmacological effect on 
the fetus. Lactation was initiated by 258 (88.7%) participants, of which 84.2% used medication 
while breastfeeding. In 3.8% this medication was classified unsafe, but none used medication 
with an unknown risk. One-third of the non-lactating participants decided not to initiate breast-
feeding because of medication use. In 70% this decision was appropriate.

Conclusion: The prevalence of overall use of medication in Dutch pregnant and lactating women 
admitted to a tertiary center was high. There is an urgent need for pharmacometric studies for 
determination of safe use of most frequently used medicines during pregnancy or lactation.
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BACKGROUND

The thalidomide and diethylstilbestrol tragedies have resulted in an increased concern about 
exposure to medication during pregnancy. Nevertheless, taking medicines during pregnancy is 
often unavoidable because of acute or chronic illnesses, or pregnancy-related conditions. 1,2,3. 
In the past, a prevalence up to 90% was reported. 5,6 A relatively small number of medicines 
has been shown to be teratogens (meaning that they are capable of interfering with the de-
velopment of a fetus, causing birth defects), however, the risk of more subtle effects on fetal 
development still requires clarification for most medication.7 This limited knowledge about the 
safety of both prescribed and over-the-counter (OTC) medication during pregnancy is caused 
by the absence of randomized clinical trials. Therefore, information is obtained through obser-
vational studies, case reports, and animal studies, all with limitations that make it difficult to 
establish a relationship between fetal drug exposure and adverse effects.8 

Contrary to the use of medication in pregnancy, medication use during lactation seems to 
have received much less attention. Concern about toxicity from medication in mother’s milk 
might be less because possible adverse consequences often are evident, temporal and less 
serious. Although the benefits of breastfeeding probably will outweigh the potential nega-
tive effects of medication ingested through mother’s milk, in the majority of cases, there are 
examples of medicines that, when used during lactation, clearly have harmful effects on the 
infant (e.g., opioids; oxycodone and codeine, and CNS depressants; midazolam, clonazepam 
and diazepam).9 Counseling women on medication use during lactation is thus complex.10

The aim of the current study was to determine (1) the prevalence of medication use (includ-
ing OTC and homeopathic medicines) during (high-risk) pregnancy and lactation, (2) types and 
safety of these medicines, and (3) the influence of medication use on the decision to initiate 
breastfeeding. With this information at hand it will be possible to make recommendations 
about future pharmacokinetic studies on most commonly used medication. 

METHODS

Design
We conducted a cross-sectional survey study with two phases (prenatal and during lactation). 
This design was the most appropriate one to answer our research question given that cross-
sectional designs are generally used for population-based surveys, to assess the prevalence 
of outcomes or exposures. The study was approved by the VU University Medical Center 
(VUmc) ethics committee.
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Setti  ng
The study took place at VUmc, a terti ary center in Amsterdam, The Netherlands. Pati ents were 
enrolled between September 2012 and February 2013. In the Netherlands, it is mandatory for 
everyone to have at least a basic health insurance. Most medical costs made during pregnancy 
are covered by this insurance. Prenatal care will be provided by midwives, unless there is a 
medical indicati on for obstetrician-led care. Women without a medical indicati on can opt for 
a homebirth or a polyclinical birth in hospital (midwife-led), such as VUmc. Since VUmc is a 
terti ary center, also complicated deliveries take place in this center. All women in the Nether-
lands are enti tled to a total of 16 weeks of paid pregnancy and maternity leave. Ten weeks of 
the leave must be taken a� er the birth. Approximately 80% of women initi ate breastf eeding 
and 39% of newborns are exclusively breastf ed at 6 months of age.11 Since 2014, VUmc has the 
Baby-Friendly designati on.

Sample
All pregnant women giving birth at the obstetrical ward of VUmc and all pregnant women 
under primary midwife-led care at three midwifery offi  ces connected to VUmc were eligible 
for parti cipati on. Women were excluded if their newborn had a life expectancy of less than 
72 hours or if they did not speak the Dutch, English or French language. During the study 
period 440 women who delivered their newborn infant in VUmc were eligible for the study, 
172 of which were not included (see Figure 1). Another fi ve parti cipants delivered without 
the supervision of an obstetrician and were therefore considered to have a low-risk delivery. 
In additi on, 50 women under primary midwife-led care gave their consent to be approached 
for the interview by phone. Eventually, 26 of them could not be included (Figure 1). Therefore, 
data about medicati on use during pregnancy were obtained in 263 parti cipants with a medical 
(high-risk) delivery and 29 parti cipants with a home or short-stay hospital (low-risk) delivery. 

Two hundred and fi ft y-nine (88.7%) of all pregnant parti cipants intended to breastf eed 
their newborns. Eventually, 258 parti cipants actually did: 231 of 263 (87.8%) parti cipants with a 
high-risk and 27 of 29 (93.3%) parti cipants with a low-risk delivery. We did not send a questi on-
naire to eight parti cipants whose infant died >72 hours aft er birth or was sti ll admitt ed with 
a poor prognosis. One hundred and seventeen parti cipants did not return the questi onnaire. 
Therefore, data about medicati on usage during lactati on, the second phase of this study, was 
available for 133 (51.6%) of the 258 parti cipants who initi ated breastf eeding.

On the basis of our pilot study, we esti mated the prevalence of medicati on use by pregnant 
parti cipants to be 85%. By use of the formula (1.962 x 0,85(1-0.85))/0.052, the calculated mini-
mal number of parti cipants to include was 196.12

Data collecti on
Informed consent was obtained for all parti cipants. Data were obtained from the parti cipants’ 
medical chart and by means of a structured interview conducted by a trained medical student 
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with an author developed questi onnaire, lasti ng approximately ten minutes. Data about the 
pregnancy period were obtained within the fi rst 15 days aft er delivery in high-risk parti cipants 
(n=263) and within fi ve weeks aft er delivery in low-risk parti cipants (n=29), by means of the 
structured interview using the questi onnaire. 

Within four months aft er delivery and discharge home a corresponding, second questi on-
naire, to obtain data about medicati on usage during lactati on, was sent to all parti cipants.

Measurement
The fi rst questi onnaire comprised questi ons about demographic (i.e., maternal age and edu-
cati onal level and ethnicity of both parents) and obstetric data (i.e., parity, reason for high-risk 
delivery, gestati onal age (GA), mode of delivery, birthweight and gender of the infant) and 
relevant medical informati on (i.e. chronic disease diagnosis). Data were fi rst obtained from the 

Figure 1. Patient enrollment. aWomen were not approached because of rapid transfer to another hospital after delivery or admission and 
discharge within a few hours.

Figure 1. Pati ent enrollment. aWomen were not approached because of rapid transfer to another hospital 
aft er delivery or admission and discharge within a few hours.
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parti cipants’ medical chart and verifi ed and completed during the interview to maximize data 
accuracy. Furthermore, all medicati on used during any part of pregnancy, including medicati on 
for acute/short-term illness, medicati on for chronic/long-term diseases, OTC and homeopathic 
medicati on (including herbs)13, and probioti cs (including probioti c supplements and probioti c 
dairy product preparati ons) was obtained from the medical chart and completed during the 
interview. Finally, thoughts on initi ati on of breastf eeding were verifi ed. Recall was aided by 
giving an extensive number of possible indicati ons for which medicati on could have been used. 
Parti cipants who only used vitamin D, folic acid and/or multi vitamins (without fi sh oil) during 
pregnancy were classifi ed as non-medicati on users since obstetricians, midwifes, and general 
practi ti oners recommend these products to all pregnant women in the Netherlands. In addi-
ti on, labor-inducing medicati on and analgesics and anti bioti cs administrated during labor were 
excluded.

The questi onnaire was fi rst used in a pilot study from October 2011 ti ll January 2012. Dur-
ing these four months, data about medicati on use by parti cipants delivering at VUmc were 
extracted from their medical charts (n=62). Aft erwards parti cipants were interviewed using 
the questi onnaire and reported medicati on use was compared to medicati on use noted in the 
parti cipants’ medical charts. In all parti cipants, medicati on extracted from the medical chart 
also was reported during the interview. In additi on, it appeared that 15 (24.2%) medical charts 
missed some medicati on that parti cipants did menti on during the interview. The pilot study 
elicited no changes to the questi onnaire (supplemental fi le 1). Data from the pilot study were 
not included in the current study. 

For the current study, a corresponding, second questi onnaire (with cover lett er and reply-
paid envelope) was sent to all parti cipants within four months aft er delivery and discharge home 
(supplemental fi le 2). This second questi onnaire included a list of all possible used medicines, 
that was already fi lled out with informati on on medicati on use during pregnancy obtained 
during the interview. Parti cipants were asked to complement the list with medicati on used 
during the period in which they were breastf eeding, up ti ll then. Breastf eeding was defi ned by 
any means of providing the infant with own mothers milk (exclusive or parti al breastf eeding, 
feeding pumped milk, and with or without complementary feeding). 

All prescribed and OTC medicines were classifi ed according to the Anatomical Therapeuti c 
Chemical classifi cati on system of the World Health Organizati on (World Health Organizati on, 
2011). Safety of prescribed and OTC medicines was classifi ed according to the risk classifi cati on 
system from the Teratological Informati on Service.14 This system is consulted frequently by 
Dutch physicians, and is available online and by phone. The service is run by an independent 
insti tute (Lareb) funded by the Ministry of Health, Welfare and Sports, that monitors the safety 
of medicines and vaccines in the Netherlands. Lareb works closely with similar organizati ons in 
over 100 countries worldwide and has offi  cially been appointed as WHO Collaborati ng Centre 
for Pharmacovigilance in Educati on and Pati ent Reporti ng. They advise on medicati on use 
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during pregnancy or lactati on. For pregnancy, medicines are grouped into six classes and for 
lactati on into fi ve (Table 1).

Data analysis
All analyses were performed using SPSS version 22.0 (SPSS Inc., Armonk, NY; (IBM Corp, IBM 
SPSS Stati sti cs for Windows, Version 22.0.). Descripti ve stati sti cs were used to summarize 
parti cipants’ demographic characteristi cs. For study aim 1, the descripti on of the prevalence of 
medicati on use, values were expressed as mean (SD), median (range) or percentage. Diff erences 
in prevalence of medicati on use between parti cipants delivering in the hospital because of a 
medical reason (‘high-risk parti cipants’) and parti cipants delivering under primary midwife-led 
care by a midwife connected to VUmc (‘low-risk parti cipants’) was tested using Chi-square or 

Table 1. Teratological Information Service Risk Classification System.
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Fisher exact test. p-values of <0.05 were considered stati sti cally signifi cant. For study aim 2, the 
descripti on of types and safety of medicines, and for study aim 3, the infl uence of medicati on 
use on the decision to initi ate breastf eeding, we did frequency distributi ons (percentages). 

RESULTS

Characteristi cs of the sample
Mean age of parti cipants with a high-risk and low-risk delivery was 33.2 (5.2) and 32.0 (4.0) 
years, respecti vely. Infants born aft er a high-risk delivery had a mean GA of 38.1 (3.6) weeks, 
a mean birth weight of 3092 (902.6) g, and 148 (53,2%) were male, whereas infants born aft er 
a low-risk delivery had a mean GA of 40.2 (1.0) weeks, a mean birth weight of 3591 (438.1) g, 
and 18 (62.1%) were male. Additi onal demographic and obstetric characteristi cs, and causes 
for high-risk delivery are shown in Table 2.

Table 2. Demographic and Obstetric Characteristics of the Sample (N = 292).
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Study aim 1: Prevalence of medicati on use
Of all included parti cipants, 279 (95.5%) reported on use of prescribed, OTC or homeopathic 
medicati on during pregnancy. Prescribed medicati on was used by 199 (68.2%) of parti cipants, 
while 272 (93.2%) and 105 (36.0%) parti cipants used OTC and homeopathic medicines, respec-
ti vely. Excluding homeopathic medicines did not change the prevalence of 95.5%. Signifi cantly 
more medicati on was used by parti cipants with a high-risk (254 (96.6%)) as compared to par-
ti cipants with a low-risk delivery (25 (86.2%), p=0.030). Parti cipants used median 5.0 (range 
0-16) diff erent medicines per person during pregnancy (high-risk: 5.0 (0-16), and low-risk: 3.0 
(0-10)). If homeopathic medicati on was not taken into account, this average decreased to 4.0 
(median) diff erent medicines (high-risk: 4.0, low-risk: 3.0). 

A majority of the lactati ng parti cipants used some sort of medicati on during lactati on 
(112/133, 84.2%). Prescribed medicati on was used by 51.1%, OTC and homeopathic medicines 
by 75.9% and 29.3% of parti cipants, respecti vely. Excluding homeopathic medicines dimin-
ished the prevalence of medicati on use of 84.2% with 2.2%. Parti cipants used median 3.0 
(range 0-11) diff erent medicines per person during lactati on and 2.0 if homeopathic medicati on 
was excluded.

Study aim 2: Types and safety of medicati on
In both groups of pregnant parti cipants, most frequently used types of medicati on included 
non-opioid analgesics, anti -acids and vitamins (other than vitamin D). Additi onally, anti bioti cs 
and laxati ves were among most acti vely used medicines in high-risk parti cipants, while probiot-
ics were in low-risk parti cipants (Figure 2).

In the lactati ng parti cipants, again non-opioid analgesics and vitamins were most frequently 
used medicines, followed by iron-supplements, laxati ves and probioti cs (Figure 3).

The prevalence of use of medicines that were not classifi ed as (probably) safe by the risk 
classifi cati on system is shown in Table 3. All 19 (6.5%) pregnant parti cipants who used at least 
one type of medicati on classifi ed as ‘teratogenic’ (class 4 and 5) belonged to the high-risk 
delivery group and all medicines were on prescripti on. In 16 parti cipants it concerned class 
5 medicines, including Acenocoumarol, Proluton/progesterone, Methotrexate, Paclitaxel and 
Cyclophosphamide Adriamycin, whereas the remaining three parti cipants used class four 
medicines Carbamazepine or Valproic acid. One of the 19 parti cipants was diagnosed with an 
intrauterine fetal death at 22 weeks GA (part of twins) and seven gave birth prematurely (two 
sets of twins), one of which died of necroti zing enterocoliti s while another one was born with 
dysmorphic features including polydactyly and hypertelorism. The remaining 12 infants were 
all healthy term born.

Medicati on with a known or suspected pharmacological eff ect (class 2 and 3 combined) was 
taken by 86 (29.5%) diff erent parti cipants. In 82 parti cipants, these medicines were on prescrip-
ti on, while OTC medicati on and both types of medicines were used in two and two parti cipants 
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respecti vely. In 19 of the 86 (22.1%) parti cipants medicati on was prescribed deliberately be-
cause of its eff ect on the unborn child (i.e. glucocorti coids to accelerate lung maturati on). 

Probioti cs and fi sh oil, used by 22.9% and 41.1% of parti cipants respecti vely, are not in-
cluded in the TIS classifi cati on.

Figure 2. Number of participants who used medication (categorized by class of medicine) as a percentage of the total number of 
participants who used medication during pregnancy (n = 254 for high-risk group and n = 25 for low-risk group). aOthers include 
anticholinergics, vaccines, glycosides, antipsychotics, antivirals, diuretics, antiarrhythmics, and ophthalmic agents (all n = 1).

Figure 2. Number of parti cipants who used medicati on (categorized by class of medicine) as a percentage of 
the total number of parti cipants who used medicati on during pregnancy (n = 254 for high-risk group and n = 
25 for low-risk group). aOthers include anti cholinergics, vaccines, glycosides, anti psychoti cs, anti virals, diuret-
ics, anti arrhythmics, and ophthalmic agents (all n = 1).

Figure 3. Number of participants who used medication (categorized by class of medicine) as a percentage of the total number of 
participants who used medication during lactation (n = 122). aOthers include propulsives, dermatologics, psycholeptics, antiprotozoal, 
adrenergics, and anticholinergics (all n = 1).

Figure 3. Number of parti cipants who used medicati on (categorized by class of medicine) as a percentage of 
the total number of parti cipants who used medicati on during lactati on (n = 122). aOthers include propulsives, 
dermatologics, psycholepti cs, anti protozoal, adrenergics, and anti cholinergics (all n = 1).
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During lactati on 15 (11.3%) parti cipants used Paracetamol + Codeine or Morphine which 
are posing a (possible) risk to the infant (class 4). All remaining medicines used by the breast-
feeding parti cipants are classifi ed as safe or probably safe (class 1 and 2, Table 1), with a com-
ment on dose or durati on for fi ve medicines (used by fi ve (4.5%) parti cipants) and the advice to 
observe the infant for side-eff ects for two other medicines (used by four (3.6%) parti cipants).

Study aim 3: Infl uence of medicati on use on initi ati on of breastf eeding 
The decision not to initi ate lactati on was reported to be due to medicati on in 13 of 34 (38.2%) 
parti cipants. In 10 (76.9%) of these 13 parti cipants this decision was based on the use medicines 
classifi ed as risk unknown (class 3; Hydroxychloroquine, Melatonine, Ondansetron, and Prega-
baline) or posing a possible risk (class 4; Fluoxeti ne, Morfi ne, Methotrexate, Sotalol, Tamoxifen, 
and Zonisamide). In one (7.7%) there was agreement with the classifi cati on system that the 
medicine (Lamotrigine) could aff ect the infant, but monitoring the infant could be an opti on 
according to the system. The remaining two parti cipants did not use medicati on (Adalimumab, 
Hydrocorti son (systemic)/Infl iximab) that would be expected to cause a problem to the infant 
(class 2). All but one of the 13 parti cipants consulted a physician (either an obstetrician or the 
medical specialist involved in the treatment of their chronic illness). The remaining parti cipant 
got advice from a midwife and a lactati on consultant. 

Of all lactati ng parti cipants (n=133), 22 (16.5%) indicated clearly that their medicati on use 
made them take preventati ve acti ons during lactati on: fi ve parti cipants stopped medicati on 
during breastf eeding, four temporarily fed their infants with formula because of the use of 
medicati on, and two parti cipants stopped lactati on because of the need to start taking medica-
ti on, ten asked for more informati on and if necessary changed to compati ble medicines and one 
parti cipant observed her infant for possible side-eff ects of the medicine she used. Six (54.5%) 
of the 11 parti cipants who temporarily fed their infant with formula, who stopped lactati on or 
who stopped the use of medicati on used medicines classifi ed as posing a possible risk (class 4; 
including Estradiol, Escitalopram and Morphine), posing a risk (class 5; including Clemasti ne) or 
classifi ed as risk unknown (class 3; including Ciprofl oxacin and Ketanserin). 

Table 3. Prevalence of Use of Medicines Not Classified as Safe or Probably Safe.
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DISCUSSION

The overall medication use among a Dutch cohort of (high-risk) pregnant and breastfeeding 
participants was very high. There was a significant difference between high-risk and low-risk 
pregnant participants regarding prevalence of medication use. Nevertheless, in low-risk par-
ticipants, the prevalence of medication use during pregnancy was also high. Our prevalence 
of medication use during pregnancy is in line with results from other, relatively recently 
performed, studies, despite our large number of high-risk pregnant participants.4,5,6 However, 
these researchers did not take into account homeopathic medication. When we excluded 
homeopathic medicines, it did not (substantially) change the prevalence during pregnancy and 
lactation, implying that most participants who used homeopathic medicines also used medi-
cines on prescription (either simultaneously or at different time-points during the pregnancy 
and lactation periods). 

Recent studies with a focus on medication use during lactation are more limited. A review 
by Saha et al.15 on medication use by postpartum women included 18 studies conducted 
between 1982 and 2007. Ten of the reviewed studies had (limited) information about differ-
ent types of medicines used during lactation, and use of prescription and non-prescription 
medication was not differentiated in the included studies. Our prevalence was in line with 
their results. In a Dutch survey performed a decade ago, researchers reported the prevalence 
of use of prescribed, OTC and homeopathic medicines as 65.9%.16 Clearly, this prevalence has 
increased considerably over the years. This might be explained by the older age at which 
women become pregnant nowadays, with a higher prevalence of pre-existing medical comor-
bidities for which medication is needed, and an increased risk of obstetric complications that 
require pharmacotherapy.17 

The high prevalence of medication use by breastfeeding participants also has implications 
for donor milk banks and for informal milk sharing, which is becoming prevalent nowadays; all 
of our participants were potential donors. Donor milk is increasingly used, with more than 200 
milk banks in Europe and a lively trade on internet.18 Recipients of donor milk are in general 
preterm infants; feeding them with donor milk could potentially lead to the ingestion of small 
amounts of a considerable number of medicines, since they often receive milk from multiple 
donors besides their own mother’s milk. Apart from the potential risk of the medicines, this 
situation could eventually lead to medication interaction, especially since most preterm infants 
also receive medication as part of their NICU treatment. Moreover, the danger of drug ac-
cumulation exists due to not yet fully developed liver and kidney function, and infants might 
be prone to central side-effects due to the increased permeability of the blood-brain-barrier.19 
Donor milk banks, including the one in the Netherlands, therefore often decide to exclude 
all women on medication; European milk banks do not routinely screen donor milk for the 
presence of medication. Determining the risk of medication more precisely would enable more 
women to donate their mother’s milk.
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Our participants used multiple different medicines per person, both during pregnancy 
and during lactation. Most frequently used medication both during (high-risk and low-risk) 
pregnancy and lactation reported in the current study was in great accordance with earlier 
European studies 6,15,16, including Passmore et al.20 who concluded that safety data about anal-
gesics, anti-emetics, and some antimicrobials (as well as hypnotics and anti-histamines) were 
urgently needed. Now, 30 years later, that conclusion seems still relevant. Probiotics were not 
mentioned in previous studies, possibly because their usage was rare at the time these studies 
were conducted. Moreover, until now most probiotics have been registered as food supple-
ments, not as drugs; therefore, did not have to fulfil the legal and/or efficacy criteria. Recently, 
Gilmartin et al.21 concluded that the available safety data of probiotics can be considered 
neither alarming nor having the robustness to suggest an absolute recommendation as safe 
during pregnancy. Safety depends of the strains within the products used, usually being one 
or more varieties of bifidobacterium, lactobacillus, saccharomyces and streptococcus ther-
mophiles. Especially for the latter two strains, no safety evidence is available.21

In the Netherlands, the online available risk classification system from the Teratological 
Information Service (Lareb., 2014)14 is generally consulted for advice on safety when prescrib-
ing medication or counseling pregnant and lactating women. The service is equivalent to 
authoritative sources consulted in other countries (e.g., Lactmed) 22 and the InfantRisk Center.23 
This system classifies medicines according to current evidence and reported side-effects. Un-
fortunately, for a majority of medicines evidence is too scarce to give (clear) advice according to 
the service. This emphasizes the difficulties physicians are facing. In our study, pregnant women 
not seldom used at least one medicine for which the risk for the embryo, fetus or newborn 
infant was unknown. On the contrary, none of the breastfeeding participants used medication 
with a unknown risk, but some participants did not start breastfeeding because of medicines 
with a unknown risk. As previously described, fear of harming the infant often leads to the 
decision or advice to stop breastfeeding or discontinue the use of medication.24 However, the 
fact that medication poses some risk to the infant, does not always mean it is incompatible 
with breastfeeding. In many cases it might be possible to address these risks through appropri-
ate monitoring of the infant. Antidepressants for example are often a reason to discourage 
women from breastfeeding, since they have an intermediate to long half-time and are excreted 
in breastmilk. However, not all antidepressants are always found in the infants’ serum and part 
of the medicines belonging to this group can be used during breastfeeding if the infant is closely 
monitored for drowsiness and adequate weight gain.25 

A substantial number of participants in this study used homeopathic medication (including 
herbs), which are not included in the classification system. In general, little is known about 
their safety. Given that homeopathic medicines sometimes contain pharmacologically active 
ingredients, caution is needed when it comes to the use of these remedies during pregnancy 
and lactation.21, 26  
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Limitations
This study holds some limitations. Retrospective questioning is prone to cause recall bias. By 
interviewing the participants and using indication-oriented questions, we however attempted 
to diminish this error.27 Another limitation is that no questions about the frequency of medica-
tion use or the dosage were asked. Also, we did not ask during what pregnancy trimester(s) 
medication was used. These parameters did not fall within the scope of our study, but are 
of importance for determining the safety of medicines more precisely. The same applies for 
our broad definition of breastfeeding, since maternal medication use might have a greater 
safety impact on exclusively breastfed infants than on infants who are partly fed with formula. 
Furthermore, the sample size of the low-risk group was underpowered and the difference in 
numbers of participants between the high-risk and low-risk groups might have caused selection 
bias. The same could be true for our results on lactation. Baseline characteristic from the re-
sponders did however not differ from those of the total group. Finally, the questionnaires were 
send to participants within four months after delivery but at various time-points, therefore 
some participants had already stopped breastfeeding, while others did not. This might have 
resulted in an underestimation of the prevalence of medication use during lactation. 

Conclusions
The prevalence of overall medication use is high in pregnant and lactating women in the 
Netherlands. For a majority of medicines there is still not enough evidence on safety during 
pregnancy and lactation. Therefore, there is a need for pharmacokinetic and pharmacodynamic 
studies of these medicines, especially of the most frequently used medication. Furthermore, 
considering the difficulty of conducting studies during pregnancy and, in part, during lacta-
tion pharmacovigilance and phytosurveillance reporting systems are of importance for post-
marketing research in this field. In addition, awareness of the possible risks and interactions 
of medication during pregnancy should be optimized, as use of medication with a suspected 
pharmacological effect is still common.
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ABSTRACT

Importance Infections and necrotizing enterocolitis, major causes of mortality and morbidity 
in preterm infants, are reduced in infants fed own mother’s milk when compared to formula. 
When own mother’s milk is not available, human donor milk is considered a good alternative, 
albeit expensive. However, most infants at modern Neonatal Intensive Care Units (NICU’s) are 
predominantly fed with own mother’s milk. Especially then, the benefits of add-on of donor 
milk over formula are not clear.

Objective To determine whether providing donor milk instead of formula as add-on whenever 
own mother’s milk is insufficiently available during the first 10 days of life, reduces the inci-
dence of serious infection, necrotizing enterocolitis, and mortality.

Design, Settings and Participants The Early Nutrition Study was a multicenter randomized 
double-blind controlled trial in very-low-birth-weight infants (birth weight <1500 grams) admit-
ted to 1 of 6 NICU’s in The Netherlands between March 2012 and August 2014.

Intervention Infants either received pasteurized donor milk or preterm formula during the first 
10 days of life if own mother’s milk was not (sufficiently) available.

Main Outcome and Measures The primary endpoint was cumulative occurrence of serious infec-
tion (sepsis or meningitis), necrotizing enterocolitis, or mortality during the first 60 days of life.

Results 930 infants were screened for inclusion; 557 were excluded, resulting in 373 infants 
(183 donor milk; 190 formula) who were evaluated by intention-to-treat analysis (median birth 
weight 1066 grams, mean gestational age 28.4 weeks). Own mother’s milk comprised 89% and 
84% of total average intake during the intervention period for the donor milk and formula groups, 
respectively. The incidence of the combined outcome was not different (45% (formula) vs. 42% 
(donor milk)). Adjusted hazard ratio was 0.87 (95% confidence interval 0.63-1.19, p= 0.37).

Conclusions and relevance Human donor milk is expensive and no large blinded RCTs showing 
safety and efficacy were available. In the current study, pasteurized donor milk and preterm 
formula as add-on during the first 10 days of life yielded similar short-term outcomes in very-
low-birth-weight infants when own mother’s milk availability was insufficient. Future studies 
investigating longer duration of use of human donor milk on both short-term and long-term 
outcomes are necessary.

Trial registration
Dutch trial register, NTR3225: http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=3225
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INTRODUCTION

Approximately 10% of infants worldwide are born premature. Of those, about 15% weigh less 
than 1500 grams (Very Low Birth Weight (VLBW)).1 Sepsis and Necrotizing Enterocolitis (NEC) 
cause morbidity and mortality in VLBW infants. The incidence of sepsis varies between 20% 
and 40%,2,3 while the incidence of NEC is around 7%. One third of infants with severe NEC do 
not survive the neonatal period.4 Long-term sequelae in survivors include neurodevelopmental 
delay and short-bowel syndrome. VLBW infants fed with their own mother’s milk have 6-10 
times lower NEC incidence and a decreased sepsis incidence compared to formula feeding.5-9 
The exact underlying mechanism is unknown, but two hypotheses prevail: human milk contains 
bioactive substances that reduce sepsis and NEC risk, or alternatively, cow’s milk based formula 
contains factors that increase risks.

Based on the clear benefits of own mother’s milk, many efforts are conducted to provide 
infants with own mother’s milk as soon as possible following preterm birth. However, lactation 
onset is often delayed after premature delivery, resulting in insufficient amounts of milk during 
the first critical days.9 Several guidelines propose pasteurized human donor milk supplementa-
tion over preterm formula.10,11 Pasteurization limits pathogen transmission but also reduces 
milk quality.12

To determine whether completely human milk based diets during the first 10 days of life 
reduce the incidence of serious infection, NEC, and mortality, we compared pasteurized donor 
milk and preterm formula supplementation when own mother’s milk was insufficiently avail-
able.

METHODS

Study design
The “Early Nutrition Study” was a double-blind, parallel, randomized controlled clinical trial at 
six Neonatal Intensive Care Units (NICUs) in the Netherlands. This investigator-initiated study 
was approved by the ethical committee of VU University Medical Center (Amsterdam, The 
Netherlands). A contract research organization (Clinical Research Unit, Amsterdam Medical 
Center, Amsterdam) covered regulatory aspects and source document verification. An inde-
pendent Data Safety Monitoring Board (DSMB), including a patient organization representative, 
monitored safety and quality.

Study endpoints
The primary endpoint was the composite incidence of NEC, serious infection (sepsis or men-
ingitis), or all-cause mortality between 72 hours and 60 days of life. Sepsis was defined as 1 
positive blood culture with non-coagulase-negative staphylococci, OR 1 positive blood culture 
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with a coagulase-negative staphylococci (CNS) pathogen AND c-reactive protein >10 mg/l 
within 2 days of blood culture, OR 2 positive blood cultures with CNS drawn within 2 days. 
Meningitis was defined by positive cerebrospinal fluid culture. NEC was defined as Bell stage 
≥II.13 Bronchopulmonary Dysplasia (BPD, defined as supplemental oxygen after day 28 of life 
and abnormalities on pulmonary x-ray), Intraventricular Hemorrhage (IVH, defined according 
to Volpe14), Retinopathy of Prematurity (ROP, defined according to the International classifica-
tion of ROP15), and Persistent Ductus Arteriosus (PDA, confirmed by echocardiography) were 
measured as routine co-morbidity parameters during follow-up. Secondary endpoints were 
time to an enteral intake of at least 120 ml/kg/day and days on parenteral nutrition (defined as 
any parenteral lipid emulsion or amino-acid administration).

Participants
Infants with a birth weight <1500 grams were eligible if parents gave written informed consent. 
Because the study started shortly following birth, informed consent was given before delivery 
if possible. Exclusion criteria were maternal drug or alcohol abuse during pregnancy, major 
congenital anomalies or birth defects, congenital infection (culture proving early onset sepsis 
or suspected TORCH infection: Toxoplasmosis, Other (syphilis, varicella-zoster, parvovirus B19), 
Rubella, Cytomegalovirus, and Herpes infection), perinatal asphyxia with umbilical or first 
neonatal pH <7.0, and any cow’s milk based product intake before randomization. Infants were 
included at level 3 NICUs of VU University Medical Center, Academic Medical Center (Amster-
dam), Radboud University Medical Center (Nijmegen), University Medical Center Groningen 
(Groningen), Erasmus MC-Sophia Children’s Hospital (Rotterdam), and Isala Clinic (Zwolle). 
These centers provide approximately 70% of Dutch neonatal intensive care.

Randomization and masking
Participants were randomly assigned to receive either pasteurized donor milk or preterm for-
mula (either Nenatal Start (Nutricia Advanced Medical Nutrition, Zoetermeer, the Netherlands) 
or Hero Prematuur 1 (Hero, Breda, the Netherlands) if own mother’s milk was insufficiently 
available. The Dutch Human Milk Bank (located at VU University Medical Center) provided the 
donor milk. Donors were screened following international guidelines, and their milk under-
went Holder pasteurization (30 minutes at 62.5 °C).11 The attending physician or investigators 
employed online randomization software with various block sizes, and an 1:1 allocation ratio.

Infants were stratified according to birth weight (<1000 or ≥1000 grams), small or ap-
propriate size for gestational age (small for gestational age was defined as a birth weight <-2 
SD according to the growth curves from either Niklasson & Albertsson-Wikland16 or Stichting 
Perinatale Registratie Nederland17, depending on which was routinely used at the participating 
wards), and by center. Parents, nurses, physicians, and researchers were unaware of allocation. 
DSMB members (unaware of allocation) had insight into group differences, and could deblind in 
case of safety concerns, or overwhelming benefit. Study nutrition was prepared by milk kitchen 
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staff made aware of group allocation but providing no clinical care. Study nutrition was deliv-
ered to wards in amber syringes (Vygon Nederland BV Valkenswaard and Becton Dickinson BV 
Breda, The Netherlands) with the amount of liquid but not its characteristics visible. Primarily 
own mother’s milk was always given to infants, and only when insufficient, supplemented with 
study nutrition.

The trial started upon first enteral nutrition, usually within 6 hours after birth, and only 
following written informed consent. The attending physician determined the parenteral nu-
trition amount and type, and the enteral nutrition amount, according to local protocols. The 
intervention lasted for 10 days or less upon hospital transfer or death. Ten centers provide 
neonatal intensive care in the Netherlands. General policy is to transfer VLBW infants to local 
hospitals with post-IC High Care facilities upon patient stability without invasive respiratory 
support given 30-week post-conceptional age and ≥1000-gram body weight. No study nutrition 
was given after transfer and supplementation was switched to preterm formula if own mother’s 
milk was insufficient. Follow-up on the appearance of primary and co-morbidity outcomes 
continued until 60 days of age in all cases. In addition, in all infants ROP was followed-up until 
full retinal vascularization was reached.

Since neither own mother’s milk nor donor milk meet VLBW infants’ high protein and 
energy demands, human milk fortifier should be added. Fortifiers derived from human milk 
are unavailable in the Netherlands and therefore cow’s milk based fortifiers are added. No 
fortifier was given until day 1o to compare a completely human milk based diet with a diet 
(partially) based on cow’s milk protein. After intervention, all infants received own mother’s 
milk (+/- fortifier at the attending physician’s discretion) or preterm formula.

Statistical analysis
Based on our retrospective report the estimated cumulative composite outcome incidence was 
40% after 60 days.9 We considered an absolute-incidence reduction of 40% to 25% as clinically 
relevant. To detect such a change with 80% power (α 0.05, 2-sided), 165 infants per group were 
needed. We estimated that approximately 10% of eligible infants would be fed exclusively own 
mother’s milk during the intervention period. To allow for this and the inclusion of twins (only 
the first born was randomized and analyzed, but the sibling received the same intervention 
for ethical reasons), we aimed to include 198 infants per group. Both intention-to-treat and 
per-protocol analyses were conducted. To account for censored infants (e.g. through hospital 
transfer), Cox proportional-hazards regression analysis was used to assess effects of donor 
milk on time till occurrence of a primary endpoint. The model was adjusted for stratification 
variables (weight relative to gestational age, birth weight above or below 1000 grams and study 
center). Factors investigated as potential confounders or effect-modifiers were: birth weight, 
APGAR score 5 minutes after birth, gestational age, gender, and SNAP II score. Logistic regres-
sion analysis tested the effect of donor milk on co-morbidity outcomes: BPD, IVH, ROP, and 
PDA. P-values of <0.05 were considered statistically significant.
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RESULTS

Enrollment
Enrollment occurred from March 30th 2012 until August 17th 2014. The participating centers 
admitted 930 VLBW infants in this period. In total, 377 infants were randomized. Four infants’ 
informed consent procedure did not comply with requirements, so data of 373 infants were 
analyzed in the intention-to-treat analysis (figure 1). Exclusion criteria (congenital infection or 
anomaly) became clear in 18 infants, only after starting the intervention. In those cases, the 

Figure 1: Consort Diagram
aUse of data not allowed
bParents withdrew consent but allowed use of all data, also during the follow-up period.
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intervention was stopped immediately. Modified intention-to-treat analysis was done without 
them. Figure 1 lists reasons for excluding 76 infants from the per-protocol analysis. Baseline 
characteristics were well balanced between the two groups (table 1).

(Study) Nutrition
The amount of study nutrition that infants received was comparable between groups, but the 
donor milk group tended to receive more of their own mother’s milk during the intervention 
period (eTable 1 in the Supplement). Twelve infants (3.4%) received exclusively own mother’s 
milk during the intervention period (seven in the donor milk and five in the formula group), 
while 30 infants (8.5%) received donor milk or formula exclusively (12 and 18 infants, respec-
tively). Medians of 89.1% and 84.5% of the total enteral intake were own mother’s milk in the 
donor milk and formula groups, respectively.

After the intervention period, 56.5% infants in the formula group and 64.1% infants in the 
donor milk group were fed with exclusively own mother’s milk, whereas 13.6% (formula group) 
vs. 11.8% (donor milk group) of infants were exclusively fed with formula. The remaining infants 
were fed with a mixture.

Primary Outcome
The cumulative incidence [95% confidence interval (95 CI%)] of the composite outcome was 
44.7% [37.6-51.9] and 42.1% [34.9-49.3] in the preterm formula and donor milk groups, respec-
tively (figure 2), with a mean difference [95% CI] of 2.6% [-12.7-7.4]. The adjusted hazard ratio 
[95% CI] was 0.87 [0.63-1.19], p=0.37 (table 2). 58% of the events (60% in the formula vs. 57% 
in the donor milk group) occurred during the first 10 days of life, during the intervention period. 
Neither modified intention-to-treat nor per-protocol analyses showed significant differences 
in the incidence of the primary endpoint (43.1% and 47.1% in the formula group, 42.0% and 

Table 1: Patient characteristics at Baselinea

Characteristic Donor Milk (n=183) Formula (n=190)

Gestational Age (wk), mean (SD) 28.3 (2.3) 28.6 (2.2)

Birth weight (gr), median (IQR) 1065 (830 – 1265) 1077 (854 – 1275)

Birth weight < 1000 gr, n (%) 77 (42.1) 82 (43.2)

SGA, n (%) 24 (13.1) 25 (13.2)

Male gender, n (%) 92 (50.3) 104 (54.7)

APGAR 5 min, median (IQR) 8 (6.0 – 9.0) 8 (7.0 – 9.0)b

Caesarean Section, n (%) 97 (53.0) 108 (56.9)

Completed course of prenatal steroids, n (%) 124b (67.8) 134 (70.5)

SNAP II Score, median (IQR) 9 (5.0 – 19.5) 9 (5.0 – 19.0)
aThere were no significant differences between the two groups in the listed categories. bData missing for one 
infant.
SGA denotes Small for Gestational Age, SNAP denotes Score for Neonatal Acute Physiology .
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40.3% in the donor milk groups, respectively). The adjusted hazard ratio [95% CI] for the per 
protocol analysis was 0.73 [0.51-1.04], p=0.08.

Large amounts of own mother’s milk (>50% of total enteral intake) tended to be associated 
with a reduced risk of the cumulative incidence of serious infections, NEC, or mortality (eFigure 
1 in the Supplement).

Secondary Outcome
The median time to reach full enteral feeding was 11.0 days in the formula group and 10.0 
days in the donor milk group (adjusted hazard ratio 1.20, 95% CI 0.94-1.51, p=0.14). The total 
number of days on parenteral nutrition did not differ between the two groups (median 12.0 
and 11.0 days for the formula and donor milk groups, respectively).

Co-morbidity
Table 3 shows the incidence of co-morbidity. There were no significant differences in any of the 
studied parameters.

Figure 2: Event-free survival curve for the combined incidence of serious infection, NEC or death by intention-
to-treat analysis, n = 373
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Adverse events
Five infants in the donor milk group and 8 infants in the formula group suffered from an ad-
verse event other than described above. These included spontaneous intestinal perforation 
without signs of NEC (n=2), post-hemorrhagic ventricular dilatation (PHVD, n=1), osteomyelitis 
(n=1) and pneumothorax (n=1) in the donor milk group, and gastric perforation (n=1), cardiac 

Table 2: Primary endpoint by intention-to-treat analysis (n=373)

Donor Milk (n=183) Formula (n=190) Hazard ratio (95% CI)

n (%) Median day of 
onset (IQR)

n (%) Median day of 
onset (IQR)

Unadjusted
Adjusteda

p-value

Primary composite 
outcome

77 (42.1) 10.0 (8.0 – 15.0) 85 (44.7) 9.0 (7.0 – 15.0) 0.92 (0.67 – 1.25)
0.87 (0.63 – 1.19)b

0.56
0.37

Sepsis 67 (36.6) 11.0 (8.0 – 16.0) 66 (34.7) 10.0 (7.0 – 15.0) 1.07 (0.76 – 1.50)
1.00 (0.71 – 1.42)c

0.70
0.99

Meningitis 11 (6.0) 10.0 (6.0 – 35.0) 11 (5.8) 9.0 (8.0 – 17.0) 1.03 (0.11 – 1.83)
–d

0.95
–

NEC

Surgery
Cause of death

17 (9.3)

4 (23.5)
5 (29.4)

11.0 (7.5 – 20.5)

-
-

17 (8.9)

5 (29.4)
5 (29.4)

15.0 (8.5 – 26.0)

-
-

1.09 (0.55 – 2.13)
0.98 (0.49 – 1.93)e

-
-

0.81
0.95
-
-

Death 25 (13.7) 11.0 (5.5 – 26.0) 23 (12.1) 9.0 (5.0 – 18.0) 1.15 (0.65 – 2.02)
1.15 (0.64 – 2.05)f

0.63
0.65

aAdjusted for stratification factors small or appropriate size for gestational age, birth weight < or ≥ 1000 grams, 
and study center
bAdditionally adjusted for and confounders gestational age and gender. cAdditionally adjusted for and con-
founders gestational age, gender, and SNAPP II score. dCould not be calculated due to small numbers. eAd-
ditionally adjusted for and confounders gestational age, gender, and birth weight score. fAdditionally adjusted 
for and confounders gestational age, gender, birth weight, and SNAPP II score.

Table 3: Prevalence of comorbidity by intention-to-treat analysis

Co-morbidity parameter Donor Milk 
(n=183)

Formula 
(n=190)

Adjustedc odds ratio
 (95 CI%)

p-value

ROP all stagesa, no./ total no. (%) 19/160 (11.9) 13/168 (7.7) 1.77d (0.76-4.13) 0.19

IVH grade ≥ 2, no./total no. (%) 24/183 (13.1) 25/190 (13.2) 1.07e (0.54-2.11) 0.86

BPDb, no./total no. (%) 47/167 (25.7) 46/174 (24.2) 1.10f (0.61-1.98) 0.74

PDA treated, no./total no. (%) 41/183 (22.4) 43/190 (22.6) 0.97g (0.52-1.77) 0.89
aPatients who deceased before reaching full retinal vascularization were excluded. bDefined as supplemental 
oxygen after day 28 of life and abnormalities on pulmonary x-ray. Patients who deceased before day 28 of life 
were excluded. cAdjusted for stratification factors small or appropriate size for gestational-age, birth weight 
< or ≥ 1000 gr, and study center. dCorrected for confounders gestational age and SNAP II. eCorrected for con-
founders gestational age, SNAP II, gender, and APGAR at 5 min. fCorrected for confounders gestational age, 
APGAR at 5 min and SNAP II. gCorrected for confounders gestational age, APGAR at 5 min and SNAP II.
ROP denotes retinopathy of prematurity, IVH denotes intraventricular hemorrhage, BPD denotes bronchopul-
monary dysplasia, PDA denotes patent ductus arteriosus.
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tamponade (n=2), PHVD (n=1), pneumothorax (n=2), lung bleeding (n=1), and pneumatoceles 
(n=1) in the formula group.

DISCUSSION

In this multicenter blinded randomized trial in VLBW infants the effect of pasteurized donor 
milk compared to formula supplementing own mother’s milk directly after birth was investi-
gated. Neither negative nor beneficial effects of the use of pasteurized donor milk were found.

Studies on risks and benefits of feeding pasteurized donor milk instead of preterm formula 
to VLBW infants are scarce. A meta-analysis including 1070 infants showed that formula feeding 
increased the risk of NEC as compared to donor milk (both as exclusive diet, typical risk ratio 
2.77, 95% CI 1.40-5.46).18 However, formula-fed infants showed higher in-hospital growth rates, 
which is associated with improved long-term development.19,20 Only two of the included trials 
were performed after the year 2000, with the majority of trials dating back to the 70 and 80’s. 
Since then, neonatal intensive care standards have changed and improved intensively, resulting 
in higher survival in VLBW infants.21

The two previous studies 22,23 fulfilling present state-of-the-art criteria of double-blind RCTs 
attempted to investigate effects of donor milk on short-term outcomes as well.22 Agreeing 
with our findings, Schanler et al. showed no effect of donor milk on late-onset sepsis or NEC 
incidence. However, they only included sepsis or NEC cases occurring after a significant amount 
of enteral nutrition (50 ml/kg/day) was tolerated, in their setting after 16-18 days, when a sub-
stantial number of events should already have occurred.9,24 Furthermore, the underpowered 
study has been criticized on its design.25

Cristofalo et al. showed that premature infants (birth weight <1250 grams) fed donor milk 
enriched with a human milk based fortifier needed less time on parenteral nutrition (primary 
outcome) compared to infants fed preterm formula.23 Secondary outcomes included NEC, which 
was reduced in association with a complete human milk based diet, although only 53 infants 
were included. Moreover, study nutrition was given exclusively, not in addition to own mother’s 
milk. NEC incidence was 21% in the preterm formula group, which is much higher than in most 
NICUs in developed countries although population characteristics (100% formula fed) might 
induce relative high rates of NEC.

The Cochrane review found limited data from RCT’s comparing feeding with formula milk 
versus (nutrient enriched) donor milk in modern medicine.18 Although our trial showed that 
use of donor milk does not reduce the combined incidence of serious infections, NEC or death, 
there was insufficient power to detect an effect of donor milk on NEC incidence itself. To detect 
significant effects on incidence of NEC alone, RCTs need approximately 500 infants per arm, 
assuming NEC incidence around 10%.
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In our current trial, the proportion of own mother’s milk during the first 10 days of life was 
high in both groups (eTable 1 in the Supplement), and seemed to be higher than reported in 
previous studies.22,26 It can be argued that this diluted the effect of our intervention. However, 
abundant availability of own mother’s milk reflects the situation at most NICUs in developed 
countries nowadays, and therefore this study resembles common practice in most countries 
where donor milk banks are operating.

Europe and the US respectively have 206 and 18 active milk banks, and an additional 
23 milk banks are planned to open in the near future.27,28 Annual operation costs of human 
donor milk banks are high, ranging from 200.000 – 300.000 USD. In an era in which health 
care costs are rising, new initiatives that are introduced within the health care system require 
thorough investigation. In hospitals with a longstanding tradition on use of donor milk it has 
been deemed unethical to randomize infants to receive formula, also given the results from 
older RCTs comparing donor milk with term formula. However, recent trials including our own, 
show minimal short-term benefits of use of donor milk. Bearing in mind the considerable costs 
of donor milk and the, albeit small, risk of transmission of pathogens these trials are very much 
warranted.

Our current trial reconfirms the benefits of feeding VLBW infants with raw own mother’s 
milk.5,9 Infants who received the majority of their nutrition as own mother’s milk had a tendency 
towards a decreased incidence of the primary endpoint as compared to infants who received 
the majority of their nutrition as donor milk or formula (figure 3). Despite per-protocol analysis 
it should be clear that these results are not free of bias. Mothers who provide enough own milk 
might differ from those who do not.

The trial does not provide information on why pasteurized donor milk lacks beneficial short-
term effects. A common hypothesis is that Holder pasteurization destroys critical amounts of 
bioactive factors.12,29 Considerable research is being directed towards the development of more 
gentle pasteurization methods but so far no RCTs investigated the effects on neonatal outcome. 
Besides pasteurization, other processing steps such as freezing and thawing may affect bioac-
tive compounds, and thus alter the quality of milk. An alternative hypothesis is that factors in 
milk unique for the specific mother-infant dyad are responsible for the protective effects. This 
could for example be maternal lymphocytes that aid in induction of tolerance or secretory 
immunoglobulin A, directed towards pathogens shared by mother and child.12,29,30

The intervention period of our trial was short since a specific goal was to compare a com-
pletely human milk based diet (own mother’s milk + donor milk) to a diet containing also cow’s 
milk protein (formula). The introduction of cow’s milk based fortifier was postponed until 11 
days of life, as we found it not acceptable to withhold fortification from the participating infants 
for a longer period, since this would result in lower growth rates. Although 58% of primary 
outcome events occurred within those first 10 days (table 2), a considerable part of the infants 
suffered an event thereafter. It can thus be questioned whether the intervention period in our 
trial was too short.
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The protective effect of human milk against sepsis and NEC is hypothesized to (partially) 
arise from avoiding immunogenic cow’s milk proteins such as casein.26 The trial does not sup-
port this hypothesis, since we could not find a detrimental effect of giving formula as compared 
to donor milk in the first few days of life when own mothers milk was not available. This enables 
future trials (preferably powered to detect effects on sepsis, NEC and mortality individually), to 
include a longer intervention period with addition of a cow’s milk based fortifier. Alternatively 
a human milk derived fortifier could be used.

Expectedly, a considerable proportion of the infants (14%) did not receive the intervention 
as planned until day 10 of life due to early transfer outside of the NICU. However, informa-
tion on occurrence of primary and secondary endpoints up to 60 days of life was collected 
for all these infants. Per-protocol analysis did not differ from the (modified) intention-to-treat 
analysis, making it unlikely that this has influenced the results.

In conclusion, this double-blind randomized controlled trial showed no significant effect of 
pasteurized donor milk during the first 10 days of life for preventing serious infections; NEC, 
and all-cause mortality in premature neonates. The results of this trial stress the importance 
providing premature neonates with raw milk of their own mother.
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There are strong associations between feeding premature infants with expressed breast 
milk of their own mother and a reduced morbidity and mortality. The associations between 
mother milk feedings and a reduced incidence of sepsis, NEC and all-cause mortality are well 
documented, as described in Chapter 7 of this thesis but also elsewhere1. Much to our disap-
pointment “the Early Nutrition Study” was not able to show a beneficial effect of feeding VLWB 
infants with pasteurized banked donor milk instead of preterm formula, as described in the 
previous chapter. As already discussed shortly in the discussion section of Chapter 10, this 
trial does not provide information on why pasteurized donor milk in this specific study did not 
provide benefits to preterm infants. A common hypothesis is that the milk banking process 
itself destroys critical amounts of the bio-active factors that are responsible for the beneficial 
effects of mother’s own milk. After premature birth infants are not able to drink directly from 
the breast and are being fed through a nasogastric tube during the first few weeks to months 
of life. Mothers therefore express their milk using (electric) breast pumps. In most NICU’s milk 
of the own mother is frozen after expression and given to the infants within a few days or 
weeks, without any heat treatment. Even prolonged storage (up to 6 months) only seems to 
have moderate effects on the immunological factors in human milk2, but energy and fat content 
are slightly decreased after freezing3. Being in contact with the pumping material, the storage 
bottles and the nasogastric tube also alters the properties of the milk. Although not much 
research has been directed towards this topic it seems that especially the vitamin C an B6 
concentrations are diminished substantially4.

Although the goal should be to deliver the milk to the infants without any quality loss it 
should be taken into considerations that also expressed own mother’s milk is a processed prod-
uct and is somewhat different from the milk infants drink directly from the breast. Some NICU’s 
also pasteurize mother’s own milk until infants reach a certain gestational age or weight to 
reduce the risk of transmission of bacteria and viruses but there’s no evidence to support this 
practice that is most likely even detrimental. Donor milk however is a product that undergoes 
several extra process steps, leading to more quality loss, before it is given to premature infants.

The milk banking process
Donor milk is usually expressed at home and then stored by the milk donors in their home 
freezers (- 20 C) until pick-up by or delivery to the milk bank. Here the milk is thawed and 
usually pooled. Pools can be made from milk expressed by a single donor or by multiple donors 
(in most instances not more than 5 donors). Bacterial cultures are taken and subsequently the 
milk is pasteurized. The most commonly used pasteurization method is Holder Pasteurization. 
This means that the milk is heated to 62.5 °C and kept at this temperature for 30 minutes. 
Subsequently the milk is rapidly cooled back to 10 °C. Afterwards bacterial cultures are taken 
again and then the milk is frozen once more until it is used.
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Characteristics of donor milk
Most national and international guidelines advocate Holder pasteurization or other forms of 
heat treatment to inactivate viral and bacterial agents that may be present in the milk. Over the 
last decades numerous papers have described the effect of pasteurization on the nutrients and 
bio-active factors in human milk. Recently Peila et al5 have summarized the available evidence 
in a review article. They concluded that there is no evidence that HP significantly diminishes 
the energy, protein or lipid content of donor milk. Also the amino acid profile is not significantly 
altered by the pasteurization process. However, after premature delivery the protein content 
of the expressed milk is significantly higher during the first few days to weeks of lactation when 
compared to mothers that have delivered after a full term pregnancy6. Therefore, and because 
donors usually start the milk donations several weeks to months after their delivery, the protein 
content of donor milk is rather low compared to own mother’s milk as the majority of milk 
donors have delivered full-term infants. This omission of donor milk can be corrected by ap-
propriate fortification with concentrated human milk fortifiers. However, from this conclusion 
it follows that, to meet the current recommendations on nutrient intake for VLBW infants7, 
different protocols for the fortification of own mother’s milk and donor milk need to be applied. 
“Blind fortification”, i.e. the addition of a standard amount of fortifier to a pre-determined 
amount of donor milk results in protein intake considerably lower (0.5 – 0.8 g/kg/day) then as-
sumed by the treating physicians8. The availability of relative easy-to-operate and inexpensive 
devices to measure protein and energy content of human milk makes it possible to determine 
protein content of every batch of donor milk dispatched by a milk bank. This will allow for 
fortification of the milk to a predetermined level, e.g. that of preterm formula, to guarantee 
that infants receive indeed the amount of protein their physicians and dieticians assume. 
However, when donor milk and own mother’s milk are fortified according to the same protocol, 
i.e. protocols that are designed for fortification of own mother’s milk, this will inevitably lead to 
growth retardation in infants fed donor milk9. Diminished in-hospital growth is associated with 
a poorer neurological outcome10 and therefore a very undesirable, but preventable, side-effect 
of donor milk. However, a recent well performed randomized controlled trial comparing the 
effects of feeding VLBW infants donor milk instead of formula, the DOMINO trial, showed that 
with appropriate fortification no differences in Z-scores changes can be found between feeding 
groups.

Vitamin content of the water soluble vitamins, but not the fat soluble vitamins, is lower in 
donor milk. However, fortifiers also contain vitamins. Furthermore digestive enzymes, such as 
lipase, are completely inactivated by HP which has also raised concerns about the digestibility 
of donor milk.

More worrisome are the effects on the immunological properties of donor milk. Lactofer-
rin, cytokine and immunoglobuline content are significantly decreased after pasteurization, 
although the results on what proportion of these constituents are inactivated are somewhat 
conflicting5. Leukocytes and beneficial bacteria are completely destroyed by pasteurization. 
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On the other hand, several growth factors and oligosaccharides are not affected by Holder 
Pasteurization.

It is clear that donor milk is inferior to mother’s own milk, both from a nutritional and 
immunological point of view. However, it is important to define what the advantages of donor 
milk over preterm formula are. We were unable to show an effect on the combined outcome 
NEC, sepsis and all-cause mortality. Our intervention period was relatively short but the major-
ity of events (58%) occurred within the first 10 days of life. Since no intervention in medicine 
is without risk and because of the ever growing costs of our health care systems interven-
tions need to be not only evidence based but also cost-effective. This warrants for a critical 
re-evaluation of the justifiability of donor milk in the NICU.

Up-date on the available evidence on the effects of donor milk

Short-term morbidity and mortality
In the discussion section of the previous chapter the available evidence of the effects of do-
nor milk were already addressed shortly. A 2014 Cochrane meta-analysis that included 1070 
infants11 found that formula feeding increased the risk of NEC (typical risk ratio, 2.77; 95% 
CI, 1.40-5.46) when compared to donor milk feedings. However, the majority of these trials 
date back to the 70’s and 80’s, with only 2 trials performed after the year 2000. Of the trials 
performed fairly recently the trial of Schanler et al.12 also failed to show any beneficial effect 
of feeding premature infants with donor milk. However, they included only sepsis and/ or NEC 
cases that occurred after a significant amount of enteral nutrition was tolerated, in their setting 
after 16-18 days, after which a substantial amount of events should have already occurred. In 
2010 O’Sullivan et al.13 published the results of their trial on the effects of a diet completely 
based on human milk products, i.e. mother’s own milk and/or donor milk fortified with a liquid 
fortifier produced from concentrated donor milk (Prolacta), compared to a control group that 
received a diet of mother’s own milk and/or formula fortified with traditional human milk forti-
fiers (which are based on cow’s milk). In this trial the NEC incidence was dramatically lower 
in the human milk feeding group (incidence 10%) compared to the control group (incidence 
18%). However, in most NICU’s the baseline NEC rates hardly exceed 10%, making the results 
of this trial difficult to interpret. A major disadvantage of this Prolacta fortifier is that it is liquid 
and not highly concentrated. Infants receive therefore a smaller proportion of their intake as 
mother’s own milk. An infant weighing 600 grams and receiving full enteral feeding will receive 
approximately 100 ml of own mother’s milk per day. When using the liquid Prolacta fortifier 
at least 25 ml of own mother’s milk needs to be replaced by Prolacta in order to reach the 
desired protein and energy content. Nevertheless, in this trial weight gain rates of the human 
milk group was lower compared to the control group (14.3 ± 3.8 vs 16.0 ± 7.8 g/kg/d, P = .051), 
although not statistically significant. Also the exceptionally high costs of Prolacta (compared to 
traditional fortifier) prohibit its use in most NICU’s.
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Cristofalo et al14. performed a randomized clinical trial, also sponsored by Prolacta, in 
infants for which no own mother’s milk was available at all. Infants therefore either received a 
diet consisting only of formula or donor milk fortified with the Prolacta fortifier. They found that 
ELBW infants receiving donor milk required parenteral nutrition for a shorter amount of time 
(primary outcome) and showed a reduced incidence of NEC (secondary outcome). However, 
this trial included only 53 infants and was therefore quite small. Furthermore the infants in 
both groups received no own mother’s milk at all, whereas in most instances formula or donor 
milk is used as a supplement to mother’s own milk.

Following the publication of our trial also the results of the DOMINO trial by O’Connor 
et al15. were published. The DOMINO trial is a double blind randomized controlled trial with 
inclusion criteria comparable to our “Early Nutrition Study”. The infants in this trial received 
donor milk in addition to mother’s own milk until they were 90 days or until discharge home, 
whichever came sooner. Therefore the duration of the intervention (90 days vs 10 days) was 
substantially longer then in our trial. The primary end-point of this study was development at 
18 months corrected age. In a preplanned exploratory analysis of individual morbidities, fewer 
infants in the donor milk group were affected by necrotizing enterocolitis stage II or greater 
(1.7%) than in the formula group (6.6%) (risk difference, −4.9% [95%CI, −9.0%to −0.9%]; P = 
.02). No other differences in individual morbidities were observed between feeding groups.

Beginning of 2018 Silano et al16. performed a meta-analysis specifically looking at the 
preventive effect of donor milk on the most severe form of NEC, the cases requiring surgery. 
Beside our trial also the above mentioned studies were included, except for the Prolacta trial 
by Sullivan et al. This meta-analysis included 953 infants but showed no statistically significant 
preventive effect of donor milk on the risk of surgical NEC (10 out of 469 in the donor milk 
group, 25 out of 484 in the formula group, RR 0.45; 95% CI: 0.19-1.09), although results tend to 
be supportive of using donor milk.

So far no randomized controlled trials found an effect of pasteurized donor milk on the 
incidence of sepsis. Observational studies found beneficial effects of donor milk feedings on 
a variety of morbidities such as Broncho Pulmonary Dysplasia (BPD). However, these effects 
cannot be reproduced in meta-analyses from available RCT’s 17.

Long-term effects
The majority of the RCT’s reporting the long-term effects of feeding premature neonates with 
donor milk were performed in the ‘70’s and ‘80’s. Since then the field of neonatal medicine has 
changed dramatically and especially results on cognitive development cannot be extrapolated 
to today’s practice. An exception to this is the before mentioned DOMINO trial, published in 
2016. The primary outcome of this well designed trial was the cognitive composite score on the 
Bayley Scales of Infant and Toddler Development, Third Edition (Bayley-III) at 18 months’ cor-
rected age. A total of 363 infants were included. Of survivors, 151 of 164 (92.1%) in the donor 
milk group and 148 of 162 (91.4%) in the formula group had neurodevelopmental assessments 
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completed. No statistically significant difference in mean cognitive composite scores (primary 
outcome) was found between feeding groups. Likewise, no statistically significant differences in 
mean language composite score were found between feeding groups.

Collateral effects of donor milk availability in the NICU
From the above it follows that mother’s own milk is clearly superior to donor milk. So every-
thing that is reasonably possible should be done to stimulate provision of own mother’s milk 
to premature infants. There has been debate about whether access to donor milk could lead to 
decreased breastfeeding, the idea being that the availability of an alternate human milk source 
could lead to attenuated efforts to promote lactation among mothers of preterm infants. Wil-
liams et al18. published in 2016 a systematic literature review of studies that assessed maternal 
breastfeeding rates before and after the introduction of donor milk.

The available data demonstrate mixed effects on measures of maternal breastfeeding when 
donor milk is introduced to a neonatal unit. Relative risk calculations with aggregated data from 
4 studies did show a significant increase in any breastfeeding on discharge after the introduc-
tion of donor milk. However, there appeared to be no effect on exclusive breastfeeding on 
discharge or the exclusive administration of own mother’s milk in the first 28 days of life. Even 
where donor milk was introduced as part of a care bundle in individual centers, there appeared 
to be no significant increase in measures of maternal breastfeeding. Conversely, 1 of the 10 
studies showed a statistically significant decrease in the use of OMM after the introduction of 
DHM. Overall it seems safe to conclude that introduction of donor milk to the NICU will not 
decrease breast feeding rates as long as it is the policy of the NICU to promote and support 
breast feeding and pumping after premature birth in every possible way.

So in conclusion, the evidence for the effectiveness of donor milk in ‘modern neonatology’ is 
very limited. There are indications that there could also be in the present era a preventative 
effect on the occurrence of NEC, especially in settings where there is a high baseline incidence 
of NEC.

Costs of donor milk
Although the majority of milk banks receive donor milk from their donors free of charge, the 
coasts of running a milk bank are high. Costs include cooled transport from donors to the 
milk bank and from the milk bank to the NICU’s, screening and testing of donors, bacterial 
culturing, salary of staff and the purchase and maintenance of pasteurization machines. The 
Dutch Human Milk Bank is a non-profit organization and provides donor milk to NICU’s in the 
Netherlands against cost-price. This means milk is delivered for € 64/ 220 ml, corresponding 
to € 290 per liter. Formula is usually provided free of charge by manufacturers to the NICU’s.

Contemporaneously with their randomized trial the DOMINO study group also performed 
a prospective cost-analysis of providing VLBW infants with supplemental donor milk until 90 
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days of age19. Donor milk in Canada at the time costed $4,95 Canadian Dollar (CAD) per ounce, 
corresponding to €109 per liter. In this study the in-hospital costs did not differ significantly 
between the donor milk and the formula group. Authors also calculated the societal costs from 
birth up to 18 months of age, this includes not only costs made by the health care sector but 
also e.g. parental loss of income due to not being able to return to work cause they had to 
care for their child. The mean total cost accrued from a societal perspective from birth to 18 
months’ corrected age in the donor milk group was $217.624 ($197.697–$237.551) and did 
not differ statistically from $217.245 ($ 196.494 – $237.995) in the formula group (p = 0.74). In 
the DOMINO trial the authors found, although not being their primary end-point, a statistically 
significant reduction of NEC incidence (11% in the formula group and 3.9% in the donor milk 
group). From these numbers the authors estimate that the costs of providing all VLBW infants 
with donor milk up to 90 days of age are $5328 CAD per case of NEC averted. This number is of 
course highly depended on the liter price of donor milk. In our experience the costs of running 
a milk bank, and therefore the liter price of donor milk, are especially high during the first few 
years after establishment of a milk bank. When the staff becomes more efficient due to more 
experience (e.g. more successful selection of donors that can provide large quantities of milk 
and therefore lower screening costs) the liter price decreases. When several infants in the NICU 
are on donor milk feedings the milk can also be used more efficiently (less milk that has to be 
discarded because defrosted in excess).

The lack of direct cost-effectiveness shown by the DOMINO group is in contrast with results 
obtained in other studies or articles on the cost-effectiveness of donor milk. However, these 
authors often used models based on assumptions of the effectiveness of donor milk (for ex-
ample, the assumption that donor milk is as effective as own mother’s milk in the prevention 
of sepsis and NEC) or on the reduction in the length of hospital stay. On the other hand, it 
should also be taken into consideration that children with e.g. short bowel syndrome or severe 
psycho-motor retardation due to NEC will continue to have high health care costs after the age 
of 18 months. Furthermore, the health care costs of a premature neonate obtaining NEC in the 
first few days to weeks of life and dying within hours after the onset of the condition are much 
lower compared to infants surviving to term. However, in the Netherlands we consider €20.000 
per gained Quality Adjusted Life Year (QALY) spend on a preventative intervention to be a cost-
effective intervention. The average life-expectancy in the Netherlands of individuals born in 
2016 was 81.5 years. From this point of view, any intervention resulting in the prevention of 
one death due to NEC may cost up to 1.6 million euro, if the subsequently reached quality 
of life is 100%. However, Hille et al.20 showed that although an important part of 19 year old 
adolescents that were born prematurely have major impairments, their quality of life health 
status and perceived were actually better than expected from the impairments in cognitive 
and neurosensory functioning. So, in conclusion, if a preventative effect of donor milk on the 
incidence of NEC can be proven this will rapidly become a cost-effective intervention.
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Other considerations – safety

Pathogen transmission
As already shortly addressed in Chapter 8, an ESPGHAN position statement on the use of donor 
milk, so far there are no documented cases of viral or bacterial disease transmission through 
(pasteurized) donor milk dispatched by a milk bank operating according to international 
guidelines. These guidelines include mandatory vigorous screening and testing of potential 
milk donors, bacterial testing of the milk (pre and post-pasteurization) and application of strict 
hygiene protocols at the milk bank. When guidelines are applied appropriately, safety of donor 
milk should approach that of transfusion of human blood products. However, the indications 
of transfusion of human blood products are narrow and benefits are always weighed against 
the, albeit very small, chance of an adverse event. A somewhat overlooked topic in this light is 
the possible emergence of previously unknown or rare pathogens. The first human milk bank 
was established in Vienna in 1909. The number of active milk banks worldwide was growing an-
nually until the vast majority of them closed abruptly during the AIDS pandemic in the 1980’s, 
after it was discovered that human milk is a factor for transmission of the HIV virus. By now we 
know that HIV virus is inactivated by Holder Pasteurization. Furthermore, the window period 
during which a woman is infected with HIV but blood tests are negative has been reduced 
to hours or days. Therefore the chance of HIV transmission through pasteurized donor milk 
approaches zero.

Nevertheless, since the 1980’s the world has been confronted with several emerging patho-
gens, threatening the safety of transfusion of human blood products. An interesting example is 
the outbreak of the Zika Virus (ZIKV) pandemic in 201521. The disease has so far been reported 
in 85 countries, out of which 72 had no previous report of ZIKV cases. Although ZIKV infection 
in most cases is subclinical or only causes mild symptoms, the virus has the potential to cause 
severe microcephaly and developmental delays in the offspring of women contracting the virus 
during pregnancy. Although the virus has been known since 1947 it took several months to 
identify ZIKV as the culprit for the extremely high incidence of infants born with microcephaly 
in Brazil in 2015. Route of ZIKV transmission is through bites of infected mosquitos (Aedes 
aegypti and A. Albopictus species) but during the pandemic it was quickly discovered that, 
in addition to vertical transmission, also transmission through sexual intercourse and blood 
transfusions occurs. Infectious ZIKV particles have been detected in breast milk of infected 
mothers22. Although postnatally acquired ZIKV infection does not seem to cause major prob-
lems in healthy term infants there are no data on the effects of postnatally acquired ZIKV in 
VLBW infants. Also the effect of pasteurization on the viability of ZIKV in donor milk is unknown. 
Milk donors of the Dutch Human Milk Bank are screened by the Dutch National Blood bank 
(Sanquin), using protocols very similar to those for the screening of blood donors. Women who 
have recently been in a ZIKV endemic area are therefore excluded from donation. Whereas 
most human milk banks will not have resources to thoroughly and continuously monitor for 
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emerging pathogens, national blood banks do have these resources. Therefore it is advisable 
for milk banks to collaborate, at least on this topic, with their national blood bank to ensure 
safety of donor milk. Although most viruses are eliminated by pasteurization it does not seem 
desirable to cease testing for certain blood-borne diseases in order to cut coasts. On the hand 
cause the pasteurization process can fail due to faulty equipment but also because of legisla-
tion and faith of the doctors and parents in the product.

Chemical pollutants, including medication and drugs of abuse
As discussed in chapter 9, the use of medication in pregnant and nursing women is relatively 
high compared to the overall population. Therefore medication use should be a topic during 
the screening procedure of potential donors. The Dutch Human Milk Bank also provides donors 
with extensive information about a healthy life-style (including information about the avoid-
ance of foods that contain high amounts of heavy metals) and naturally the use of alcohol and 
drugs of abuse is not allowed during a donation period. However, there are no commercially 
available validated tests to screen donor milk for the presence of these substances. Milk donors 
are women that are also nurturing their own child and who want to contribute to the health 
of sick and vulnerable infants. Although milk banks depend on good faith in this matter, milk 
donors form a subpopulation that is very unlikely to use substances of abuse. Nevertheless, this 
is the most important reason why blood or milk donors in the Netherlands do not get paid for 
their donations: if donating milk becomes lucrative women are less likely to be open about the 
abuse of unwanted substances.

The future of human milk banks

Novel pasteurization techniques
Since the milk banking process has profound effects on especially the immunological properties 
of donor milk much research effort has been directed towards finding alternative processing 
techniques. A novel technique should ideally ensure microbial (bacterial/ viral) safety of the 
milk but leave as much immunological factors in tact as possible.

Alternative processing techniques that are currently being tested to investigate their effect 
on donor milk include High-Temperature–Short-Time (HTST), High Pressure Processing (HPP), 
and ultraviolet (UV) irradiation and (thermo-) ultrasonic processing. Peila et al.23 recently 
conducted a systematic review of the available literature. They concluded that data about 
safety for microbiological control are still scarce for most of the novel technologies, and that 
consensus on processing conditions is necessary for non-thermal technologies, before any 
conclusions on the qualitative and nutritional advantages of these techniques can be drawn. 
Furthermore, even when a new processing technique seems feasible and safe in a laboratory 
setting there is an extensive Research & Development trajectory ahead before the technique 
will become available on a scale suitable for human milk banks. Given the vulnerability of 
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the recipient population this new device should meet the highest food safety standards and 
should be vigorously tested. At the moment there are only a few companies worldwide selling 
machines suitable for the pasteurization of human milk. In 2018 there are 225 active milk banks 
in Europe, most of them being small and only providing milk to only 1 NICU, and therefore the 
human milk banking industry forms somewhat of a niche market. A novel processing technique 
should mean such an immense improvement of the quality of the milk and a proven clinical 
effect before it becomes commercially attractive to take such a machine into production.

Another possibility, one that is often overlooked, is to provide infants with raw, unpasteur-
ized donor milk. Besides full preservation of substances such as immunoglobulins and lactofer-
rin also beneficial bacteria naturally present in human milk remain viable. This will be however 
in contrast with most (inter)national guidelines on the operation of human milk banks and the 
suggestion of feeding VLBW infants raw donor milk will most-likely meet substantial defiance 
in the human milk banking community and by neonatologists. Beside regulatory issues there 
are three matters that need to be addressed before feeding VLBW raw donor milk. First of 
all there is the matter of bacterial safety. During episodes of mastitis or when donors are not 
working hygienically, expressed breast milk can become contaminated with harmful bacteria. 
However, most milk banks already have extensive information available for their donor on how 
to hygienically express milk and when to temporarily suspend donations. Supplying donors with 
easy to use microwave sterilization bags for pumping equipment, single use sterile milk bottles 
and good breast pumps will most-likely further decrease bacterial contamination. Furthermore, 
it is important to realize that raw breast milk has very effective bacteriostatic mechanisms, 
whereas these function much less in pasteurized milk. But the most important safety measure 
will be to culture the milk and to discard all milk that does not meet the standards. However, 
this implies that milk will have to be defrosted, pooled and cultured and subsequently refrozen 
to await the results of the bacterial culture. At the moment no milk banks have tests, such as 
quantative PCR, available that are fast enough eliminate this extra refreezing step.

The second matter that needs to be addressed is potential transmission of viruses, especially 
transmission of cytomegalovirus (CMV). In the Netherlands around 40% of the women of child 
bearing age is positive for CMV. CMV is commonly excreted in breast milk from seropositive 
women, beginning during the first week postpartum, peaking at 4–8 weeks after delivery, and 
declining steadily thereafter. Infectious virus and CMV DNA and RNA have been isolated from 
cell-associated and whey fractions in the breast milk of 40%–97% of CMV-seropositive lactating 
women24. Freeze-thawing decrease the CMV load of the milk but does not completely eliminate 
the virus. However, a quarantine system comparable to the system used for the manufacturing 
of quarantine plasma by blood banks is a potential solution for this issue25. In this case, only 
women who are CMV negative will be allowed to donate milk for VLBW infants. After expression 
the milk is quarantined, e.g. for 3 months, until women are re-tested and remain negative for 
CMV and other viral infections. A second option (or to be used as an additional safety measure) 
is to test pooled milk for the presence of CMV by PCR26. The third issue, and probably the most 
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difficult issue, is the threat of emerging pathogens. Pathogens that we are so far unaware of and 
we do not test for yet. Although it is not yet said that pasteurization will eliminate any emerging 
pathogen, most viruses and bacteria are eliminated by Holder Pasteurization. Nevertheless, 
close cooperation with national blood banks, as suggested earlier, will minimize this risk. At 
the moment, Norway is the only European country where raw donor milk is used (Grovslien et 
al, J of Human Lactation 2009), apparently without adverse events. However, also the clinical 
effectiveness of raw donor milk should first be established in large, preferably international tri-
als, before being made routine practice. In recent years the national media in the Netherlands 
have given much attention to ‘informal milk sharing’, the phenomenon that women share milk 
through social media such as Facebook. These milk donations are arranged between mothers 
and without the control of a milk bank or hospital and usually without serological testing of the 
donor mother and without microbial testing of the milk. The Dutch Association of Pediatrics 
(‘Nederlandse Vereniging voor Kindergeneeskunde, NVK) did not take an official position in 
this matter but from a safety point of view this practice seems undesirable. Although most 
recipients are probably healthy full-term infants we cannot exclude that a small percentage of 
the infants in the NICU receive, without our knowledge, milk that is not pumped by their own 
mothers but in fact obtained through these networks.

Future research directions
According to International Trial Registers at least 3 RCT’s on the effects of feeding VLBW with 
donor milk are on-going or have been completed recently. However, results have not been 
published yet. Since especially data on the preventative effect of NEC show conflicting results 
we are in need of high-quality meta-analyses. The subject of breast feeding and donor milk 
and the health promoting effects of these interventions are surrounded by strong emotions 
and believes, more than is the case for any other “medical therapy”. This is not only true for 
young mothers and fathers, but also for doctors, nurses, lactation consultants, midwives, dieti-
cians and even politicians. Nevertheless, if new evidence is showing no or minimal effects of 
feeding VLBW infants donor milk instead of preterm formula and potential risks or costs do not 
outweigh the benefits it will be inevitable to stop providing donor milk to preterm infants in its 
current form.

However, several questions remain. It will be extremely informative to gain more insight in 
why pasteurized donor milk is not superior to formula. Is this merely the effect of pasteuriza-
tion as discussed previously or is the milk of a mother even more adapted to her own child then 
we currently think? It is known that the secretory IgA in breast milk is at least in part aimed at 
pathogens that mother has been in contact with recently. So a mother that is spending a large 
amount of time in the NICU, providing kangaroo care for her premature infant, is most likely to 
come in contact with the same pathogens as her child. It is hypothesized that this will eventu-
ally result in milk containing sIgA against ‘NICU pathogens’. Furthermore, the composition and 
amount of oligosaccharides in milk varies between different women and it is demonstrated 
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that human milk can be divided into distinct ‘milk groups’ based on its oligosaccharide pattern. 
These patterns correspond to the Lewis and secretor blood group types, illustrating that milk 
composition of women is dependent on their genetic background. Human milk oligosaccharides 
have besides prebiotic effects, effect on gut maturation and antimicrobial activities. In addition 
to this they have immune-modulatory effects. Whether or not different ‘milk groups’ have dif-
ferent effects on the induction of tolerance (and thereby the susceptibility for the development 
of NEC) in infants depending on genetic background is a completely unexplored field.

Numerous studies have been aimed to find “the golden bullet” of human milk, i.e. a single 
component that can be added to formula to match the result of mother’s own milk. Success 
rates range from fairly limited, like our study on IGF-1 described in Chapter 6, to reasonably 
successful like the addition of lactoferrin 27. Given the complexity of human milk, it seems logic 
to take donor milk and not formula as a starting point and to optimize it to resemble the effects 
of mother’s own milk. Interesting options for future research are therefore effects of raw donor 
milk in a large RCT, optimization of pasteurization techniques, development of a powdered 
formula based on donor milk and development of techniques to ensure adequate protein and 
energy content of donor milk. In addition to this it is very important to gain more insight in how 
mother’s own milk induces immunological tolerance and protects against infections in pre-
mature infants. However, in the NICU our focus should always be on ensuring that premature 
infants receive as much milk of their mother as possible.
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English summary

ENGLISH SUMMARy

Prematurity, defined as birth before 37 weeks of gestation, is a major cause of mortality and 
morbidity in the neonatal period but also beyond. It was the largest single cause of death in 
children under five in 2016, responsible for almost 1 million deaths worldwide. Especially infants 
with a birth weight below 1500 grams (Very Low Birth Weight Infants) are at risk for an adverse 
outcome. Morbidity in the short term is caused by immaturity of practically all organ systems 
and the immune systems and includes cerebral hemorrhage, respiratory distress syndrome, 
necrotizing enterocolitis (NEC) and sepsis. Long-term morbidity is a result of complications suf-
fered during the neonatal period and as a consequence of being exposed to extra-uterine life 
during a critical period of (brain) development. The ultimate goal of neonatal (intensive) care is 
to achieve that premature infants not only survive the neonatal period but also that they grow 
up to be healthy adolescents and adults who are able to participate in society. However, from 
a cohort study of 1338 VLWB and/or infants born before 32 weeks in 1983 that were followed 
prospectively we know that a substantial part of these individuals suffer from the long-term 
sequelae of their preterm birth. At 19 years of age 32% of these young adults had moderate to 
severe problems in neurosensory functioning, neuromotor functioning and/or participation in 
society. These results stress the need to understand the causes for neurodevelopmental delay 
after premature birth and to search for novel strategies to ameliorate the condition.

Clearly the cause of neurodevelopmental delay after prematurity is complex and multifac-
torial. In cases where there are no major abnormalities such as cystic periventriculair leuko-
malacia (PVL) or intra-ventricular hemorrhage, neurodevelopmental delay can be attributed to 
diffuse white matter injuries with consecutive maturational disturbances in brain development. 
The etiology of these white matter injuries (WMI) is not completely understood but systemic 
inflammation, caused by e.g. sepsis and NEC, seems to play an important role. Therefore, inter-
ventions that reduce the incidence of NEC and/ or sepsis are likely to have beneficial effects on 
neurodevelopmental outcome.

The associations of feeding VLBW infants with expressed breast milk of their own mother 
and a reduced incidence of sepsis and NEC are very well documented. However, especially 
during the first few days after premature birth, milk of the own mother is often unavailable. 
Pasteurized donor milk is often given to these infants in an attempt to let them benefit from 
the favorable effects of human milk. There are several randomized trials dating back to the 
1970’s and 1980’s on the effects of donor milk in premature neonates. However, during the 
HIV epidemic in the 1990’s the majority of donor milk banks closed after the discovery that 
the virus could be transmitted through breast milk. Since reliable screening methods for the 
detection of the virus in potential milk donors have become available, milk banks are reopening 
again. But since the 1980’s the field of neonatology has changed considerably and the effects of 
donor milk in modern medicine are uncertain due to a lack of randomized controlled trials. We 
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are in need of high quality meta-analysis before making pasteurized donor milk the standard of 
care when milk of the own mother is not available.

Furthermore, in recent years it has become apparent that a major determinant of later 
neurocognitive functioning is related to malnutrition during the neonatal period. Provision of 
adequate amounts of substrate in the first period of life is amongst others hindered by limited 
tolerance to enteral substrates. Interventions to increase tolerance to enteral substrates and 
more knowledge about the specific needs will therefore further improve neonatal outcome. 
In Chapter 1 of this thesis we give a general introduction on the structural and functional im-
maturity of the intestine after premature birth. Furthermore it contains a clarification on the 
properties of human milk and its immunomodulating effects. Chapter 2 gives a broad overview 
of stable isotope and mass spectrometry techniques that can be used in pediatric and neonatal 
research to study a broad range of topics such as energy expenditure, macronutrient require-
ments and inborn errors of metabolism. Stable isotopes techniques are very useful for use 
in the NICU as they are relatively non-invasive and measurements can be done in excretions 
like saliva and urine or in very small amounts of blood. In Chapter 3 we show by the use of a 
dual isotope infusion technique that the splanchnic tissues extract almost all of the dietary 
aspartate, a non-essential amino acid, in preterm infants. We further show that the majority of 
the labeled carbon is recovered in expired breath, making it most likely that the sequestered 
carbon skeleton of aspartate is utilized for energy generation. This stresses the need to supply 
enterally fed premature neonates with adequate amounts of non-essential amino acid in order 
to prevent that excessive amounts of essential amino acid are used for energy generation and 
are therefore not available for tissue generation. Chapter 4 explains a method to determine 
intestinal permeability in preterm infants. It describes how this method can be used to study 
the effects of a (nutritional) intervention on intestinal permeability. Chapter 5 describes the 
results of a randomized controlled clinical trial on the effects of adding insulin-like growth fac-
tor 1 (IGF-1) to preterm formula. In this trial patients received either standard infant formula 
or standard infant formula supplemented with IGF-1, which is also present in human milk and 
is believed to stimulate gut growth and function. Although gut permeability was significantly 
lower in the IGF-1 supplemented group on day 14 of life compared to the control group, there 
were no effects on clinical outcome parameters such as days to full enteral feeding, days to 
regain birth weight and growth rate. We conclude therefore that our data do not support IGF-1 
supplementation to infant formula. In Chapter 6 we show in an observational study that there 
is a strong association between the intake of mother’s own milk during the first days of life and 
the incidence of sepsis, NEC and all cause mortality during the first 2 months of life. Chapter 7 is 
the most recent ESPGHAN position statement and a summary of the available evidence on the 
use of donor milk. In Chapter 8 we show that a large part (84%) of women that have delivered 
their child in the VU medical centre (a tertiary hospital) and that subsequently initiate breast 
feeding, use medication. As also described in chapter 7, there is a lot unknown about the safety 
and farmacokinetics of the different types of medication during lactation. When premature 
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neonates receive donor milk they usually receive milk from multiple donors and are thereby 
potentially exposed to low doses of several types of medication. Strict screening and selection 
of milk donors is very important but we also conclude that more research on the farmacokinet-
ics and safety of the most commonly used drugs during breast feeding is necessary. In Chapter 
9 we describe the results of the ‘Early Nutrition Study’, a double blind randomized controlled 
trial on the effects of donor milk feedings compared to formula during the first 10 days of life. 
In this trial we included a total of 377 infants but were unable to show any beneficial effects 
on the combined incidence of sepsis, NEC or all cause mortality. Although the study was not 
designed for this purpose it showed that infants who received the majority of their feedings as 
own mother’s milk had a better outcome compared to the infants who received the majority of 
their feedings as formula or donor milk. In Chapter 10 we reflect on the potential reasons why 
the Early Nutrition Study potentially did not show beneficial effects.

The main conclusions derived from the studies of this thesis are:
- After premature birth all efforts should be made to ensure the infant receives as much milk of 

the own mother as possible
- Supplementing premature infants with donor milk when milk of the own mother is not (suf-

ficiently) available during the first 10 days of life does not result in a lower incidence of sepsis, 
NEC and all cause mortality compared to formula feeding

- Addition of IGF-1 to formula does not result in improved clinical outcome parameters such as 
days to full enteral feeding, days to regain birth weight and growth rate

- The splanchnic tissues extract a large part of aspartate in the first pass and this is subsequently 
used for energy generation
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NEDERLANDSE SAMENVATTING

Prematuriteit, gedefinieerd als geboorte voor de 37e week van de zwangerschap, is een belang-
rijke oorzaak van morbiditeit en mortaliteit in de neonatale periode maar ook daarna. In 2016 
was het de belangrijkste doodsoorzaak bij kinderen onder de 5 jaar, verantwoordelijk voor 
bijna 1 miljoen sterfgevallen wereldwijd. Met name kinderen met een geboortegewicht onder 
de 1500 gram (Very Low Birth Weight infants, VLBW infants) lopen het risico op een ongunstige 
uitkomst. Morbiditeit op de korte termijn wordt veroorzaakt door immaturiteit van vrijwel alle 
orgaansystemen en het immuunsysteem en omvat hersenbloedingen, het respiratoir distress 
syndroom, necrotiserende enterocolitis (NEC) en sepsis. Morbiditeit op de lange termijn wordt 
veroorzaakt door complicaties ontstaan tijdens de neonatale fase maar ook door de blootstel-
ling aan ‘extra-uterien leven’ tijdens een kritieke periode van hersenontwikkeling. Het ultieme 
doel van neonatale intensive care zorg is dan ook te waarborgen dat prematuren niet alleen de 
neonatale periode overleven maar ook opgroeien tot gezonde adolescenten en volwassenen 
die kunnen deelnemen aan de maatschappij. Desalniettemin weten we van een cohort uit 1983 
bestaande uit 1338 kinderen met een geboortegewicht onder de 1500 gram en/of geboren 
voor 32 weken, dat een aanzienlijk deel kampt met de langetermijn gevolgen hiervan. Op 19 
jarige leeftijd had 32% van deze jongvolwassenen milde tot ernstige beperkingen in het neu-
rosensorisch functioneren, motorisch functioneren en/of bij deelname aan de maatschappij in 
de bredere zin van het woord. Deze resultaten onderstrepen duidelijk de noodzaak om meer 
begrip te krijgen van de etiologie van ontwikkelingsachterstand na een premature geboorte 
en het belang van onderzoek naar interventies die de kans op een ontwikkelingsachterstand 
verkleinen.

De oorzaak van een ontwikkelingsachterstand na prematuriteit is overduidelijk multifacto-
rieel en complex. In gevallen waarin er geen grove afwijkingen zoals cystische periventriculaire 
leukomalacie of intraventriculaire bloedingen zijn kan de ontwikkelingsachterstand worden 
toegeschreven aan diffuse wittestof afwijkingen en de hierdoor veroorzaakte verstoringen 
van hersenontwikkeling. De etiologie van deze wittestofafwijkingen is niet volledig begrepen 
maar systemische inflammatie, bijvoorbeeld ten tijde van episodes van sepsis of NEC, lijkt een 
belangrijke rol te spelen bij het ontstaan. Interventies gericht op de preventie van sepsis en/ 
of NEC zullen dientengevolge ook een gunstig effect op de langetermijn ontwikkeling hebben.

De associatie tussen het voeden van prematuren met afgekolfde melk van hun eigen 
moeder en een verminderde incidentie van sepsis en NEC is goed gedocumenteerd. Echter, 
melk van de eigen moeder is vaak niet of onvoldoende beschikbaar, vooral in de eerste le-
vensdagen. Op veel plaatsen krijgen prematuren in dit geval gepasteuriseerde donormelk, in 
een poging hen toch te laten profiteren van de gunstige effecten van humane melk. Er zijn 
in de jaren ‘70 en ‘80 van de vorige eeuw verschillende gerandomiseerde studies naar de ef-
fecten van donormelk gedaan. Echter tijdens de HIV epidemie in de jaren ’90 is het merendeel 
van de moedermelkbanken plots gesloten na de ontdekking dat het HIV virus overgedragen 
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kan worden via moedermelk. Nu er betrouwbare bloedtesten beschikbaar zijn waarmee het 
virus in een zeer vroeg stadium kan worden aangetoond openen moedermelkbanken opnieuw 
massaal hun deuren. Sinds de jaren ‘80 is de neonatologie echter ingrijpend veranderd. Door 
een gebrek aan goede, dubbelblinde, gerandomiseerde studies zijn de effecten van donormelk 
binnen de huidige praktijk onvoldoende bekend. Voordat donormelk de standaard behandeling 
wordt indien er onvoldoende melk van de eigen moeder beschikbaar is dienen er eerst goede 
meta-analyses over de effecten hiervan beschikbaar te komen. Daarnaast is in de afgelopen 
jaren steeds duidelijker geworden dat malnutritie tijdens de neonatale periode een zeer 
belangrijke factor is bij het ontstaan van een ontwikkelingsachterstand op latere leeftijd. Het 
toedienen van adequate hoeveelheden voeding aan prematuren wordt gehinderd door een 
beperkte tolerantie van enterale voeding. Interventies die de tolerantie voor enterale voeding 
vergroten en meer kennis over de specifieke behoeftes van prematuren zullen daarom bijdra-
gen aan een gunstigere ontwikkeling op de lange termijn. Hoofdstuk 1 van dit proefschrift is 
een algemene inleiding over de functionele en structurele immaturiteit van de darm bij pre-
maturiteit. Daarnaast bevat het een uiteenzetting over de immunomodulerende effecten van 
humane melk. In hoofdstuk 2 wordt een uitgebreid overzicht gegeven van de stabiele isotopen 
en massaspectrometrie technieken die gebruikt kunnen worden in kindergeneeskundig en 
neonataal onderzoek, bijvoorbeeld voor onderzoek naar energiebalansen, macronutrientbe-
hoeften en metabole aandoeningen. Stabiele isotopen studies zijn zeer geschikt voor gebruik 
op de NICU aangezien ze relatief weinig invasief zijn en metingen gedaan kunnen worden in 
excreties zoals bloed en urine of zeer kleine hoeveelheden bloed. In hoofdstuk 3 wordt met 
gebruik van een dubbele isotopen infusietechniek aangetoond dat de splanchnische weefsels 
van prematuren vrijwel al het aspartaat, een niet-essentieel aminozuur, uit de enterale voeding 
gebruiken. Daarnaast wordt aangetoond dat de meerderheid van het gelabelde koolstofskelet 
teruggevonden wordt in uitademingslucht. Hierdoor is het waarschijnlijk dat het koolstofskelet 
van aspartaat gebruikt wordt voor het genereren van energie. Het is dus belangrijk om de darm 
van enteraal gevoede prematuren te voorzien van adequate hoeveelheden niet-essentiele 
aminozuren om te voorkomen dat essentiele aminozuren verbrand worden en niet beschikbaar 
komen voor weefselgroei.

Hoofdstuk 4 beschrijft een methode om de intestinale permeabiliteit in prematuren te 
bepalen en hoe deze gebruikt kan worden om de effecten van een (voedings)interventie op de 
darmpermeabiliteit te bepalen. Hoofdstuk 5 zijn de resultaten van een dubbelblinde gerando-
miseerde studie naar de effecten van het toevoegen van insulin-like growth factor 1 (IGF-1) aan 
kunstvoeding voor prematuren. In deze studie kregen patienten of standaard kunstvoeding of 
standaard kunstvoeding met toegevoegd IGF-1. IGF-1 is één van de groeifactoren die aanwezig 
is in moedermelk en waarvan men denkt dat het de groei en functie van de darm stimuleert. 
Ondanks dat er op de 14e levensdag een significant verschil in darmpermeabiliteit tussen de 
groepen werd gezien was er geen effect op klinische uitkomstmaten zoals het aantal dagen tot-
dat er volledig enterale voeding gegeven kon worden, het aantal dagen voordat kinderen weer 
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op geboortegewicht waren of groeisnelheid. Wij concluderen dan ook dat er geen indicatie 
bestaat om IGF-1 standaard aan kunstvoeding voor prematuren toe te voegen. In hoofdstuk 
6 laten we in een observationele studie zien dat er een sterke associatie bestaat tussen de 
inname van melk van de eigen moeder in de eerste levensdagen en de incidentie van NEC, 
sepsis en overlijden. Hoofdstuk 7 bestaat uit de meest recente ESPGHAN opinie ten aanzien 
van het beschikbare bewijs voor het gebruik van donormelk. In hoofdstuk 8 wordt beschreven 
dat een groot deel (84%) van de vrouwen die bevallen in het Vumc (een tertiair centrum) en 
starten met het geven van borstvoeding, medicatie gebruiken. Zoals ook beschreven wordt in 
hoofdstuk 7 is er weinig bekend over de veiligheid en farmacokinetiek van de verschillende 
soorten geneesmiddelen tijdens de lactatie. Indien prematuren gevoed worden met donormelk 
ontvangen zij over het algemeen melk van verschillende donoren. Hierdoor worden zij poten-
tieel blootgesteld aan meerdere soorten medicatie. Strikte screening en selectie van moeder-
melkdonoren is daarom zeer belangrijk maar ook dient er meer onderzoek gedaan te worden 
naar de veiligheid en farmacokinetiek van medicamenten die veelvuldig gebruikt worden door 
vrouwen die borstvoeding geven. In hoofdstuk 9 worden de resultaten van de ‘Early Nutrition 
Study’ beschreven, een dubbelblinde gerandomiseerde studie naar de effecten van donormelk 
in vergelijking met kunstvoeding tijdens de eerste 10 levensdagen. In deze studie werden in 
totaal 377 kinderen geincludeerd maar werd geen positief effect op de gecombineerde inci-
dentie van sepsis, NEC en overlijden aangetoond. Alhoewel de studie hiervoor niet opgezet 
was toonde ook deze studie dat kinderen die grotere hoeveelheden van hun voeding als melk 
van de eigen moeder kregen een betere uitkomst hadden dan de kinderen die kunstvoeding 
of donormelk kregen. In hoofdstuk 10 wordt besproken waarom er in de Early Nutrition Study 
mogelijk geen gunstige effecten van donormelk konden worden aangetoond.

De belangrijkste conclusies uit de onderzoeken van dit proefschrift zijn:
- Na een premature geboorte is het van het hoogste belang dat alles gedaan wordt opdat 

kinderen zoveel mogelijk afgekolfde melk van hun eigen moeder ontvangen
- Het voeden van prematuren met donormelk, indien er onvoldoende melk van de eigen moe-

der beschikbaar is, gedurende de eerste 10 levensdagen leidt niet tot een lagere incidentie 
van sepsis, NEC en overlijden in vergelijking met het voeden met kunstvoeding

- Het toevoegen van IGF-1 aan kunstvoeding leidt niet tot gunstigere klinische uitkomsten zoals 
het eerder bereiken van volledig enterale voeding, sneller terug op geboortegewicht komen 
of hogere groeisnelheid

- De splanchnische weefsels gebruiken een groot gedeelte van het beschikbare aspartaat in de 
‘first-pass’. Dit aspartaat wordt vervolgens gebruikt voor het genereren van energie
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