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“Wovon man nicht sprechen kann, darüber muss man schweigen”
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Abstract 

Background: The survival of extremely preterm infants (<28 weeks of 
gestation) has improved markedly in recent decades. However, major 
neonatal morbidities remain a great concern. One of the most serious of 
these is necrotising enterocolitis (NEC), a severe gastrointestinal disease 
with a mortality rate of 20–30%. In Sweden, the incidence of NEC 
among one-year survivors of extremely preterm infants increased from 
6% in 2004–2007 to 10% in 2014–2016. Extremely preterm infants also 
have an immature gastrointestinal tract and are prone to feeding 
intolerance (FI) or its more severe form, prolonged FI. Prolonged FI may 
lead to dependence on parenteral nutrition, suboptimal nutrient intake, 
and adverse outcomes. However, their risk factors and consequences are 
poorly understood. Nutrition is a key determinant of neonatal growth 
and morbidity in this population. 
Aim: This thesis aimed to validate the diagnosis and incidence of NEC 
in two Swedish population-based cohorts of extremely preterm infants 
and explore factors associated with temporal changes in NEC incidence. 
Furthermore, the association between early enteral feeding practices and 
the risk of NEC and postnatal growth was investigated. In addition, this 
thesis sought to describe the risk factors and clinical outcomes 
associated with prolonged FI. Finally, cross-cohort comparisons were 
performed to examine differences in NEC onset, prolonged FI incidence, 
nutritional practices, and growth variations across studies. 
Methods: Three cohorts were studied: EXPRESS (all live-born infants 
<27 weeks’ gestation in Sweden, 2004–2007; n=704), EXPRESS 2 
(2014–2016; n=895), and the N-Forte randomised controlled trial of 
infants born <28 weeks’ gestation (2019–2021; n=228). All NEC 
diagnoses in EXPRESS and EXPRESS 2 were rigorously validated 
against medical records. Nutritional data were analysed in both 
EXPRESS cohorts. In the N-Forte cohort, infants with NEC, abdominal 
surgery, or death before postnatal day 30 were excluded (n=29). 
Prolonged FI was defined as ≥7 days with ≤70% of total energy intake 
from enteral nutrition or no protein intake from milk fortifiers between 
postnatal days 10 and 30. Infants with prolonged FI were propensity 
score–matched 1:2 to controls to assess risk factors and outcomes. 
Results: After validation of NEC diagnoses, the NEC incidence 
remained higher in the later cohort (8.2% vs 3.8%, p=0.001), while the 
combined outcome of NEC or death decreased (27.3% vs 32.5%, 
p=0.022). There was no difference in early NEC (≤7 days) incidence; 
however, late NEC (>7 days) incidence was more common in the 
EXPRESS 2 epoch (adjusted hazard ratio 2.7, p=0.001). In a propensity 
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score analysis, an increase in NEC incidence was observed in infants 
with the highest baseline risk. In the EXPRESS 2 cohort, enteral feeding 
was advanced more rapidly (10 vs 8 ml/kg/d, p<0.001) and fortification 
was more common (27% vs 3.6%, p<0.001), accompanied by improved 
early postnatal growth. Neither feeding advancement nor fortification 
was associated with an increased risk of late NEC. 
In the N-Forte cohort, 14% of the infants developed prolonged FI. These 
infants reached nutritional milestones later but showed no differences in 
growth or major neonatal morbidities compared with the matched 
controls. Prolonged FI was associated with longer exposure to central 
venous catheters and antibiotics. 
Nutrition practices and growth trajectories differed between cohorts. 
However, the lack of an association between feeding advancement and 
NEC risk, as well as the characteristics of prolonged FI, was consistent 
across studies.  
Conclusions: The increase in NEC incidence over time was restricted 
to late-onset NEC (>7d) and was partly attributable to improved survival 
among the most extremely preterm infants. Misclassification of NEC 
diagnoses was common. Nutritional practices improved, and more active 
enteral nutrition was not associated with an increased NEC risk. Lower 
birth weight was a risk factor for prolonged FI, which was associated 
with prolonged use of central venous catheters and antibiotics, but not 
with impaired growth or major morbidity. These findings were 
consistent across cohorts.  
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Enkel sammanfattning på svenska 

Bakgrund 
Extremt för tidigt födda barn är födda tidigare än graviditetsvecka 28. 
Dessa barn har oftast en födelsevikt under 1000 g och på grund av sin 
omognad löper de en stor risk att drabbas av allvarliga neonatala 
sjukdomar. Hos extremt för tidigt födda barn är dödligheten hög och 
högst är den hos barn födda tidigare än graviditetsvecka 24, hos vilka 
hälften av barnen dör.  
Nekrotiserande enterokolit är en allvarlig tarmsjukdom som drabbar ca 
7% av extremt för tidigt födda barn. Dödligheten är hög och sämst går 
det för barnen som behöver kirurgi. Bland överlevarna är risken hög för 
permanenta hjärnskador, så som CP-skador, och livslånga tarmproblem.  
Ett problem med nekrotiserande enterokolit är att andra mindre farliga 
tarmsjukdomar lätt misstolkas som nekrotiserande enterokolit. Detta 
gör att registerforskning på nekrotiserande enterokolit lätt blir 
missvisande.  
Ett annat problem som drabbar extremt för tidigt födda barn är dålig 
tillväxt på grund av otillräckligt energi- och näringsintag. Ett extremt för 
tidigt fött barn kan femdubbla sin vikt under vårdtiden. Det innebär att 
barnets behov av energi samt näringsämnen som protein, fett och 
kolhydrater är väldigt högt för att kunna klara av en snabb tillväxt och 
organutveckling.  
En av orsakerna till otillräcklig nutrition är matningssvårigheter och hos 
en del barn är matningssvårigheterna långvariga. Matningssvårigheter 
hos det extremt prematura barnet innebär att barnet inte går att 
sondmata som önskat. Det kan bero på symptom som kräkningar, 
svårigheter att tömma magsäcken, uppblåst buk eller till exempel 
förstoppning. Matningssvårigheterna, som ofta misstas för en 
underliggande nekrotiserande enterokolit, kan orsaka långt beroende av 
intravenös näringstillförsel med ökad risk för infektioner och 
leversjukdom.  
Denna avhandling syftar till att undersöka varför nekrotiserande 
enterokolit hos extremt för tidigt födda barn har ökat i Sverige mellan 
två tidsperioder, 2004–2007 till 2014–2016. Avhandlingen undersöker 
även om näringsintaget har förbättrats under samma tidsperiod och om 
det finns en koppling mellan snabbare höjning av sondmatning och 
nekrotiserande enterokolit. Det tredje syftet i avhandlingen är att 
jämföra en grupp barn med långvariga matningssvårigheter med 
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liknande barn men utan långvariga matningssvårigheter, för att bättre 
förstå orsaker och risker. 
Slutligen syftade avhandlingen till att jämföra resultaten mellan de 
ingående studierna.  

Metod 
Avhandlingens huvudsakliga datakällor är de nationella kohorterna 
EXPRESS, EXPRESS 2 och från N-Forte studien. EXPRESS kohorten 
innefattar alla barn födda med graviditetsvecka lägre än 27 veckor, i 
Sverige, under en treårsperiod, 2004–2007. EXPRESS 2 inkluderar på 
samma sätt alla barn födda under graviditetsvecka 27, men tio år senare, 
2014–2016.  
För att säkerställa diagnosen nekrotiserande enterokolit i båda 
EXPRESS kohorterna har varje barn med diagnosen eftergranskats. För 
barnen i EXPRESS kohorten fanns det sedan tidigare nutritions- och 
tillväxtdata medan för barnen i EXPRESS 2 kohorten har patientdata 
behövt samlas in från patientjournaler.  
För studien om långvariga matningssvårigheter har material från en 
randomiserad studie av bröstmjölksberikning använts, N-Forte. Barn 
med långvariga matningssvårigheter jämfördes med liknande kontroller.  

Resultat 
Efter granskningen av diagnoser var förekomsten av nekrotiserande 
enterokolit 8,2% i EXPRESS 2 kohorten och 3,8% i EXPRESS kohorten. 
Ökningen var endast bland barn som insjuknande senare än sju dagars 
ålder och bland barn som födda i de lägsta graviditetsveckorna och med 
högst sårbarhet. 
Granskningen av barn diagnostiserade för nekrotiserande enterokolit 
visade att cirka en tredjedel av barnen hade fått felaktig diagnos. 
Näringsintaget har förbättrats från första EXPRESS kohorten till andra 
kohorten, vilket resulterat i en förbättrad tillväxt. Snabbare 
upptrappning av bröstmjölk eller mer berikning av bröstmjölk var inte 
kopplat till ökad risk för nekrotiserande enterokolit.  
Ett av tio barn som föds extremt för tidigt drabbades av långvariga 
matningssvårigheter. Låg graviditetsvecka och låg födelsevikt var 
riskfaktorer. Barn med långvariga matningssvårigheter hade inte sämre 
tillväxt eller mer sjuklighet jämfört med liknande kontroller. De hade 
även fler dagar med antibiotika och infarter i dom stora blodkärlen men 
utan att uppvisa en större risk för blodförgiftning. 
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Rutiner för nutrition skilde sig mellan studierna, men resultaten för 
nekrotiserande enterokolit och långvariga matningssvårigheter var 
samstämmiga.  

Slutsatser 
Insjuknandet i nekrotiserande enterokolit har ökat i Sverige hos barn 
som föds extremt för tidigt. Orsaken är framför allt att fler barn som föds 
före graviditetsvecka 24 överlever.  
Många barn med nekrotiserande enterokolit var feldiagnostiserade. 
Därför är det viktigt att tydliga diagnoskriterier används för 
nekrotiserande enterokolit.  
Näringsintaget och tillväxten hos barn som föds extremt för tidigt har 
förbättrats mellan åren 2004–2006 till 2014–2016. Snabbare 
upptrappning av bröstmjölk och berikning är säkert och leder inte till en 
ökad risk för nekrotiserande enterokolit.  
Långvariga matningssvårigheter är relativt vanliga hos extremt för tidigt 
födda barn. Bristen på näringsintag via mag-tarmkanalen kan 
kompenseras med näring via blodet.  
Samstämmighet mellan studierna stärker resultatens tillförlitlighet. 
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Thesis at a glance  

 Paper I Paper II Paper III Paper IV 

Research 
question 

Is there an 
over- or under-
estimation of 
NEC 
diagnoses? 

Is the increase 
in NEC 
incidence 
driven by the 
increased 
survival of the 
most preterm 
infants? 

Are changes in 
enteral 
nutrition 
associated with 
an increase in 
NEC risk? 

What are the 
characteristics, 
risk factors, and 
outcomes of 
prolonged FI? 

Type of 
study 

Population-
based 
observational 
cohort study.  

A two 
population-
based cohort 
study.  

A two 
population-
based cohort 
study.  

A case-control 
study.  

Year  2004-2007  2004-2007 vs 
2014-2016  

2004-2007 vs 
2014-2016  

2019-2021 

Primary 
outcome 

NEC incidence NEC incidence Odds of NEC in 
relation to 
feeding 
advancement. 

Prolonged FI 
incidence 

Population EXPRESS 
cohort: infants 
born <27 weeks 
GA in Sweden 
and surviving 
24h (N=602)  

EXPRESS and 
EXPRESS 2 
cohorts: infants 
born <27 weeks 
GA in Sweden, 
all liveborn 
infants (N=704 
vs N=895) 

EXPRESS and 
EXPRESS 2 
cohorts: infants 
born <27 weeks 
GA infants 
surviving ≥24 h 
without 
chromosomal 
or major 
congenital 
anomalies from 
four of six 
Swedish 
healthcare 

N-Forte trial: 
cohort from a 
multicentre 
randomised 
controlled trial 
of two milk 
fortification 
strategies. NEC, 
abdominal 
surgery, or 
death before 30 
days were 
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regions (N = 
332 vs 483) 
(Nutrition and 
growth data 
collection, page 
23) 

excluded (N = 
199) 

Results NEC incidence 
was reduced 
from 6.3% to 
4.3% 

Increased 
survival of 
infants born at 
<24 weeks GA 
was a strong 
factor for 
increased NEC 
incidence.  
However, other 
unknown 
factors could 
not be 
excluded. 

Nutrition and 
growth have 
improved over 
time. There 
were no 
association 
between 
fortification or 
feeding 
advancement 
and NEC risk 

 

The incidence 
of prolonged FI 
was 14%. 
Prolonged FI 
was associated 
with a delay in 
early feeding 
advancement, 
but not with an 
increased risk 
of morbidities 
or impaired 
growth.  

Clinical 
perspective 

The use of 
robust 
diagnostic 
criteria for NEC 
in medical 
registries is 
crucial. 

Infants born at 
<24 weeks GA 
have a high risk 
of NEC.  

More active 
enteral and 
parenteral 
nutrition 
improves 
growth without 
an increased 
risk of NEC.  

Parenteral 
macronutrient 
intake can 
preserve 
growth and 
preserve the 
risk of major 
neonatal 
outcomes in 
prolonged FI.  

FI, feeding intolerance; NEC, necrotising enterocolitis; EXPRESS, extremely preterm 
infants in Sweden study; N-Forte, the Nordic study on human milk fortification in 
extremely preterm infants; GA, gestational age     
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Background 

Extremely preterm infants - the study group 
The fourth edition of the renowned neonatal textbook by Avery from 
1971 stated: “The lower limit of viability is probably around 28 weeks, 
at which time most infants weigh two pounds, four ounces (1000 g)” 
(1). The foetal crown–rump length measurement by ultrasound for 
determining gestational age (GA) was introduced two years later (2). 
Consequently, newborns were more commonly classified by birth weight 
than by GA. Notably, newborn growth charts have changed little since 
then; 1000 g remains approximately the expected weight of a preterm 
infant born at 27–28 weeks’ gestation (3). 
Over the last five decades, there has been a significant improvement in 
the survival rates of all newborns (Figure 1), particularly for extremely 
preterm (EPT) infants, who are those born before 28 weeks’ gestation 
(4,5). In the 1980s, nearly no infants with a birth weight below 500 g, 
equivalent to 22-23 weeks’ gestation, survived, and only 20% of those 
weighing between 600-699 g, or (24-25 weeks GA) survived (6). Today, 
death at 25–27 weeks’ gestation is often regarded as a failure of care, and 
more than 50% of infants born before 24 weeks’ gestation survive when 
active treatment is provided (1,4,5).  
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Figure 1. Timeline of major developments in neonatal care and the associated 
decline in neonatal mortality from 1900 to 2010. Adapted from Neonatology 
on the Web (https://neonatology.net/) 
Antenatal steroids have substantially affected the survival rate of EPT 
infants (7,8) (Figure 1). However, surfactant therapy (9) and tailored 
parenteral nutrition have also improved outcomes (10,11). Today, it is 
difficult to imagine neonatal intensive care of EPT infants without 
antenatal steroids and surfactant. However, it took until the 90s that 
there was a consensus on the use of antenatal steroids (12), and 
surfactant was not used until the 80s (9), which explains the pessimistic 
prognosis of EPT infants before the 80s.  
Premature births constitute approximately 10% or 14-15 millions of all 
births globally (13,14), and the global trend is decreasing in absolute 
numbers (15). In Europe, the premature birth ratio is 8.7%, which is 
lower than that globally (14). Among these European premature infants, 
5.1% were born before 28 weeks’ gestation. In Sweden, 3.4 out of 1,000 
births or about 300 infants per year are born before 28 weeks’ gestation, 
and the incidence is stable over time (4). In absolute numbers, this is 
approximately the same as the number of children affected by cancer 
(16).   

https://neonatology.net/
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Major neonatal morbidities  
Despite the increase in survival among EPT infants, being born 
extremely early still carries a high risk of morbidity (4,17). Major 
neonatal morbidity is a commonly used outcome measure in this 
population, representing a severe condition that affects almost all organ 
systems with high comorbidities. These morbidities include the 
following: 

• Severe bronchopulmonary dysplasia (BPD) represents chronic 
lung disease and requires continued respiratory support (18).  

• Retinopathy of prematurity (ROP) stage III–V is a proliferative 
retinal disease that may result in severe visual impairment or 
blindness (19).  

• Intraventricular haemorrhage (IVH) grade III–IV refers to severe 
intracranial bleeding and is associated with a high risk of 
permanent neurological injury (20).  

• Periventricular leucomalacia (PVL) is characterised by injury to 
the cerebral white matter and is also strongly linked to cerebral 
palsy and adverse neurodevelopmental outcomes (21).  

• Necrotising enterocolitis (NEC), Bell’s stage II– III, is a 
devastating gastrointestinal (GI) disease associated with poor GI 
and neurological outcomes (22).  

The risk of all these neonatal morbidities increases with decreasing GA 
(4,5). In the Extremely Preterm Infants in Sweden Study (EXPRESS) two 
cohorts of EPT infants, 38% of those who survived for a year were not 
affected by any neonatal morbidity (4). All morbidities lead to great 
suffering for the infant and caregivers, high costs for the health care 
system, and are associated with increased mortality (23,24). However, it 
is not only at a young age that premature vulnerability affects lives; as 
adults, somatic and neurological problems remain (23,25). 

Infants born in 23-24 weeks of gestation 
There are still disagreements around the active treatment for infants 
born before 24 weeks’ gestation, and policies vary both within and 
between developed countries (26–29). The debate largely reflects 
concerns about survival with severe neurological disability (28).  
A recent Swedish population-based cohort study highlighted this 
concern (30). The study spanning over a decade examined the long-term 
outcomes of infants born before 24 weeks’ gestation using coordinated 
birth and diagnosis registries. A high burden of morbidity with 75% of 
individuals diagnosed with a neurodevelopmental disorder, 55% 
receiving paediatric habilitation services, and 88% having at least one 
somatic disorder was reported. Previous data from the EXPRESS cohort 
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of infants born before 27 weeks’ gestation confirm this result with an 
increased risk of impaired neurological outcome, as it observed a 17 
point lower full-scale IQ score than controls born at term (31).  
In 2015, a national consensus document was published in Sweden to 
standardise the care of EPT infants across healthcare regions (32). The 
document recommended providing active care at 23 weeks’ gestation 
and considering active care at 22 weeks’ gestation. This recommendation 
was based on results from the EXPRESS cohort, which showed that 
proactive perinatal care for EPT infants was not associated with an 
increased risk of neurodevelopmental disability at 2.5 years of age (29). 

Nutritional needs of the extremely preterm infant 
Preterm infants face several nutritional challenges that differ from those 
faced by term-born infants (33,34). The abrupt transition from placental 
support of nutrient supply to ex utero reliance on enteral and parenteral 
nutrition leads to nutritional crisis (35). The immaturity of the GI tract 
poses barriers to effective nutrient absorption, digestion, and utilisation 
(36), and parenteral nutrition is essential for fulfilling nutritional needs 
at the beginning of life (33,37). 
Nutrient reserves accumulate during the third trimester of gestation 
(35); therefore, nutritional stores are less developed in preterm infants 
(35,38). It is vital to fulfil the nutritional needs of EPT infants, as these 
infants are particularly vulnerable to malnutrition and postnatal growth 
impairment (39). Multiple observational studies have shown how 
growth, early energy, and protein intake are associated with both short-
term outcomes and long-term quality of life (11,40–42). Thus, 
understanding and addressing these infants’ unique nutritional needs 
are of utmost importance in clinical practice (33,34).  
Proteins and amino acids are the building blocks of all human cells and 
are crucial for physiological reactions and the immune system (43). 
Given sufficient energy intake, proteins are the primary drivers of lean 
body mass growth (43,44). Protein intake must be higher in EPT infants 
than in term-born infants because of accelerated growth and tissue 
development (43,44). Recommendations for EPT infants are 
approximately 4 g/kg/day (43,44). Breastmilk consists of 1.0-2.0g/dL of 
protein depending on the postmenstrual age (PMA) and needs to be 
fortified to obtain adequate protein intake for EPT infants (43,44).   
Carbohydrates are the primary energy source for the developing brain 
and other rapidly growing tissues (45). Maintaining adequate glucose 
levels is paramount during the first postnatal days in preterm infants, 
given their limited glycogen stores and higher energy requirements per 
unit of body weight (45). However, hyperglycaemia is also associated 
with a doubled risk of 28-days mortality in EPT infants (46). During 
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parenteral nutrition, the minimal glucose infusion required to maintain 
intact brain function and prevent hypoglycaemia, usually expressed as 
mg/kg/min, is substantially higher in the EPT infants compared with the 
term counterpart, as high as 12 mg/kg/min vs 3-5 mg/kg/min (38).  
Lipids, primarily in the form of triglycerides, provide approximately 50% 
of the enteral energy needs in preterm infants (44). Lipids also consist of 
essential polyunsaturated fatty acids, lipid-soluble vitamins, and 
complex lipids (44). Achieving the right balance between essential and 
partially essential PUFAs is important, particularly the balance between 
arachidonic acid and docosahexaenoic acid (44). The latest 
recommendations from European Society for Paediatric 
Gastroenterology, Hepatology and Nutrition (ESPGHAN) give an enteral 
requirement of 4.8–8.1 g/kg/d of fat but mention that higher levels may 
be safe (44). 
The energy requirements for a very preterm infant are approximately 
110–140 kcal/kg/day (43,44). Of this, 60–70 kcal/kg/d meets the resting 
energy expenditure required, and the rest is to maintain growth at least 
twice as rapid as in term infants and to compensate for the loss in stool 
(43,44). Balancing the protein-to-energy ratio is essential for achieving 
an appropriate growth proportion between fat-free and fat mass (44,47). 
Lean body composition has implications for long-term health (38,44), 
and early low energy and protein intake is associated with a higher risk 
of BPD and ROP in EPT infants (11,48). 

Necrotising enterocolitis 
NEC is one of the most feared complications among the major neonatal 
morbidities affecting EPT infants (49,50). The severe GI condition is 
strongly associated with low GA, with the highest risk observed in EPT 
infants.  
The disease has an acute onset, and the mortality rate has been reported 
to be 20-30%, with the highest rate among surgical cases (50–52). 
Infants with surgical NEC also have the worst outcomes (52). Surviving 
NEC is associated with an increased risk of adverse neurodevelopmental 
outcomes, lower IQ, motor impairment, visual impairment, and cerebral 
palsy (53,54). In addition, the health economic costs of NEC are 
significantly high (55,56). 
More than a century has passed since the first NEC case was described in 
the medical literature (57). However, many questions remain 
unanswered regarding the pathophysiology, diagnostic criteria, and 
optimal treatment (58).  
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Incidence of NEC 
Substantial heterogeneity exists in the reported NEC incidence among 
studies (59). The global incidence of NEC in very low birth weight infants 
(VLBW) is estimated to be 7% (59). Overall, the global trend is an 
increasing incidence of NEC (59). However, decreasing incidence figures 
have also been reported, and a large United States cohort of  VLBW 
infants showed a decrease in NEC incidence of both surgical and medical 
NEC over ten years, from 2006 until 2017 (60).  
In Sweden, the overall NEC incidence has been estimated to be 3.4 in 
10,000 live births from 1987 to 2009, with an average 5% yearly increase 
during this period (61). In the Swedish national population-based 
EXPRESS cohort (2004–2007), the incidence of NEC was reported as 
5.8% among infants surviving to one year of age (62). Ten years later in 
the EXPRESS 2 cohort, the incidence increased to 10% (4).  

Diagnostic criteria and staging 
In most NEC studies and both the EXPRESS cohorts, NEC diagnoses 
were defined according to Bell’s modified staging criteria, and definite 
NEC was defined as Bell’s stage II or higher (63) (Table 1). Bell’s score 
was presented in 1978 (22) and modified by Kliegman and Walsh nine 
years later (63). Bell’s score has three severity levels based on systemic, 
abdominal, and radiographic signs (22). The modified version divides 
each stage into two sublevels (63). More than 40 years later, the survival 
rate of infants born before 28 weeks’ gestation has dramatically 
improved, leading to a different panorama of acquired neonatal 
intestinal diseases (64). 
Table 1. Bell’s staging criteria for necrotising enterocolitis. Adapted from 
Wikipedia, CC BY-SA 3.0. 

 
Stage Systemic Signs Abdominal Signs Radiographic Signs 

I Suspected Mild systemic 
disease 

Mild intestinal 
signs 

Nonspecific or normal 
radiological signs  

II Definite disease Mild to moderate 
systemic signs 

Additional 
intestinal signs  

Specific radiologic signs 
(Pneumatosis) 

III Advance disease Severe systemic 
illness  

Additional 
intestinal signs  

Severe radiologic signs 
(pneumoperitoneum) 
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EPT infants often exhibit NEC Bell’s stage I signs without developing 
confirmed intestinal necrosis (65). Therefore, stage I is generally not 
used as a diagnostic criterion for NEC in research studies (65). The 
symptoms included in stage I frequently overlap with those of feeding 
intolerance (FI) in EPT infants, making distinguishing difficult (66). 
There is a broad consensus on this interpretation. At an international 
NEC workshop on defining the disease, 91% of respondents indicated 
that Bell’s Stage I should not be included in NEC outcomes (67).  
The NEC classification exhibits three characteristic abdominal 
radiological findings: intramural gas (pneumatosis intestinalis), portal 
venous gas, and free intraperitoneal gas (pneumoperitoneum) 
(50,68,69) (Figure 2). Pneumatosis intestinalis and portal venous gas are 
generally considered pathognomonic for NEC and are therefore often 
used to confirm the diagnosis in infants who do not undergo surgery or 
autopsy. In contrast, the presence of free intraperitoneal gas is more 
ambiguous to interpret, as it may represent the end stage of NEC but can 
also occur in other less severe conditions such as spontaneous intestinal 
perforation (SIP).  

 
Figure 2. Abdominal radiograph of an infant with intramural gas. Source: 
RadsWiki (2008), licensed under CC BY-SA 3.0. 
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One limitation of the Bell’s classification is that it lacks explicit weighting 
(68). The classification includes a range of clinical, laboratory, and 
radiological findings with varying statistical sensitivity and specificity, 
but does not indicate their relative importance for establishing the 
diagnosis. Furthermore, conditions such as SIP are frequently 
misinterpreted as NEC, which affects the reported incidence (70). 
Several attempts have been made to introduce new scoring and 
diagnostic criteria to achieve higher sensitivity and specificity in EPT 
infants (68). In a review comparing eight different NEC definitions, the 
only consistent diagnostic feature across all definitions was the presence 
of radiological findings of pneumatosis intestinalis or portal venous gas 
(68).  
One strategy to improve sensitivity and specificity has been to stratify 
according to GA, as implemented by the United Kingdom Neonatal 
Collaborative (71) or the by proposed Gephart et. al two out of 3 rules 
scoring system (69).  
Attempts to identify reliable biomarkers for NEC have largely been 
unsuccessful. The relatively low incidence of NEC and nonspecific 
symptoms lead to a high risk of both false-positive and missed NEC 
cases (68). This is analogous to the use of C-reactive protein (CRP) for 
late-onset sepsis in neonates (72,73). 
A fundamental challenge in developing new NEC definitions is the 
absence of a true gold standard for diagnosis (68). This is particularly 
true for attempts to use machine learning algorithms, which require 
well-defined and uncontaminated datasets. Therefore, machine learning 
methods may be more suitable for addressing specific diagnostic tasks, 
such as the interpretation of abdominal radiography, than for 
establishing an overall NEC diagnosis (68).  

NEC pathogenesis 
As the name implies, necrotising enterocolitis describes a macroscopic 
picture where a segment of the GI tract goes into necrosis (Figure 3). 
Necrosis can occur in any segment of the GI tract, from the ventricle to 
the rectum (74), although the ileum and colon are most often affected 
(74,75). Not all NEC cases require acute surgery with removal of the 
necrotising section (50). In most cases, Bell’s stage I and less severe 
stage II regress with conservative treatment (50). 
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Figure 3. Gross pathology of necrotising enterocolitis showing intestinal 
necrosis and pneumatosis intestinalis (autopsy). Source: CDC/Dr. Edwin P. 
Ewing Jr., 1972 (public domain).  
NEC is widely considered the endpoint of many different pathogenic 
pathways (76,77) (Figure 4). To better reflect this heterogeneity, Gordon 
et al. suggested reducing NEC into five overlapping triggers, depending 
on the pathogenesis (78).  

• Term NEC or ischaemic NEC secondary to an event in connection 
to mesenteric bowel ischaemia.  

• Transfusion-associated NEC occurs in term or preterm infants 
late in life, within 48 h after blood transfusion. However, recent 
results have not indicated an association between blood 
transfusions and NEC (79,80).  

• NEC associated with cow milk intolerance, which appears to be 
related to interleukin-triggered eosinophilia. Half of the infants 
developed pneumatosis.  

• NEC associated with contagion or lymphocytosis. NEC is known 
to exhibit temporal clustering (81,82), most likely caused by a 
virus. (83). However, few dataset-based studies have shown the 
prevalence of viruses associated with NEC (78).  

• NEC associated with prematurity and delayed enteral feeding. 
This form predominates among EPT infants and is the primary 
focus of this thesis. 

Although NEC associated with prematurity has its highest incidence 
among EPT infants (62,84), its course and pathogenesis remain unclear 
(58). NEC is likely to be the endpoint of several pathogenic pathways 
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(85) (Figure 4), with prematurity consistently identified as the only 
independent determinant in epidemiological studies (86). Several 
mechanisms may explain the vulnerability of preterm infants. An 
immature intestine with a lower barrier function and immature digestion 
combined with less organised intestinal motility can predispose to 
bacterial overgrowth (64,84). In addition, the adaptive immune system 
is immature with an imbalanced suppressive function, thus increasing 
the risk of a dysregulated immune response leading to cell apoptosis in 
the enterocytes and necrosis of the intestinal barrier (78,84) (Figure 5). 

 
Figure 4. Effect of prematurity on NEC pathogenesis. Reproduced from Li et 
al. (87), licensed under CC BY 4.0. 
One of the most explored pathway is the toll-like receptor 4 (78,84,88). 
Toll-like receptors are ligands for lipopolysaccharides from gram-
negative bacteria and are expressed at higher levels in preterm infants 
(88). It triggers a cascade of inflammatory responses involving 
mediators such as IL-8, NF-κB and other cytokines, leading to 
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enterocyte apoptosis and necrosis in the intestinal mucosal wall (78,88). 
Losing the barrier function leads to increased exposure to pathogenic 
bacteria and sepsis, which can trigger a freewheel effect that escalates to 
septic shock and death (78,84). Platelet-activating factor deactivase, an 
inflammatory downregulatory factor, is shown to be less active in NEC-
affected infants (88). 

 
Figure 5. Hypothetical model for NEC pathogenesis. Reproduced from Li et al. 
(87), licensed under CC BY 4.0. 
Observational studies have indicated the presence of seasonal variations 
and non-random patterns of NEC outbreaks (61,82). Since the 1980s, it 
has been known that NEC cases express endotoxaemia (89,90), and it is 
common to find positive blood cultures in NEC infants (84). However, 
no single microorganism has been identified as the primary cause of 
NEC (84).  
Viral infections have been proposed as potential contributors. Rota- and 
cytomegalovirus is known to be associated with NEC (78,91). A Swedish 
observational study of 61 infants showed cytomegalovirus antigen in 81% 
of species from NEC and SIP surgeries (91). In contrast, another 
observational study analysing blood samples from 22 NEC cases found 
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no positive PCR results for cytomegalovirus, Epstein-Barr, or adenovirus 
(92). 

Associated factors to NEC 
There is no consensus regarding the risk factors for NEC (93). In an e-
Delphi round of 35 international NEC experts, the only risk factors with 
a high level of agreement were GA, birth weight, and formula feeding 
(69). This finding is not surprising because GA has consistently been 
identified as one of the strongest risk factors for NEC in large cohort 
studies (4,17,50,94). For example, the EXPRESS 2 cohort reported an 
NEC incidence of 14% among infants born at 22 weeks’ gestation 
compared to 7.7% among those born at 26 weeks’ gestation (4).  
 

Maternal and perinatal factors 
Birth weight is strongly correlated with GA; however, low birth z-scores 
have also been independently associated with NEC risk (95). The 
consensus over the protective effect of breast milk compared to formula 
feeding is also understandable. This association has been confirmed by 
Cochrane multiple times even if the effect has decreased in the last 
reports (96,97) 
One reason for the diversity of opinions on NEC risk factors is the 
methodological challenge posed by the competing outcomes of death. 
For example, antenatal corticosteroids have been shown in ten 
randomised controlled trials (RCT) to decrease the risk of NEC and are 
strongly associated with increased survival in preterm infants (98). In 
contrast, a meta-analysis of observational studies found no effect of 
antenatal corticosteroid exposure on NEC risk in very preterm infants 
(99). This seemingly contradictory observation may be explained by 
improved survival, which increases the pool of infants at risk of 
developing NEC (93).   
A similar challenge is also true for other risk factors associated with 
mortality and poor outcomes, such as sex, race, and poor natal transition 
(93). These factors present the same methodological difficulty when 
attempting to draw causal conclusions regarding NEC. In other words, it 
is difficult to separate competing causes for NEC and determine if the 
risk factors are a cause of NEC or just an association reflecting the 
overall vulnerability of EPT infants. 
Several maternal and perinatal factors associated with an increased risk 
of congenital infections have also been linked to NEC. These include 
prolonged rupture of membranes and chorioamnionitis (100,101), 
whereas antibiotic use in the mother may reduce NEC risk (93). In 
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contrast to Cochrane reports on antenatal corticosteroids, the use of 
indomethacin as a tocolytic agent has been associated with an increased 
relative risk of NEC (102–104). 
Certain foetal and neonatal conditions have also been associated with 
NEC. Intrauterine growth restriction increases the risk of NEC (105), 
and observational studies have linked poor neonatal transition, reflected 
by low Apgar scores and the need for resuscitation at birth, to a higher 
NEC risk (93). 
Demographic factors have also been explored. Ahle et al. showed in a 
Swedish population-based study that boys are at a higher risk of NEC 
than girls (61). However, a case-control study from the same period and 
materials did not confirm this association (101,106). Multiple studies 
from the United States have shown that the black race has a higher risk 
of NEC (107–109). 
Finally, the mode of delivery was investigated as a potential risk factor. 
Among EPT infants, the caesarean section frequency varies depending 
on the GA (110). For all GA, the frequency is approximately 50-60% 
(17,110). Infants delivered by caesarean section have been shown to have 
a more opportunistic intestinal microbiota compared to vaginal birth 
(111). However, the infant’s gut flora could have developed before 
delivery (112), and the association between the risk of NEC and 
caesarean section remains inconclusive. Caesarean sections have been 
shown to increase, have no effect, and decrease the risk of NEC (93). 

Postnatal factors related to NEC 
The four most important postnatal risk factors are formula, feeding, 
antibiotics, and blood transfusion. 
The importance of human milk 
In the 70s, the first study in a rodent model showed that breastfeeding 
protected against the risk of NEC, as compared with formula (113). A 
Cochrane report from 2019, including twelve trials, confirms these 
results in human preterm infants, and formula-fed infants have an 
increased risk ratio of 1.87 (95% CI 1.23–2.85) for developing NEC 
compared to breastmilk-fed infants. The protective effect of human milk 
may come from a wide range of bioactive components with various 
effects, including anti-inflammatory, antibacterial, and 
immunomodulatory (114). 
One less-explored mechanism of NEC could be intolerance to bovine 
milk proteins (77). The casein content of breastmilk, 20-45% of total 
protein, is lower than that of cow milk, 80% of total protein (115). In 
neonatal piglet models, it has been shown that intraluminal injection of 
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casein into the terminal ileum can produce small bowel changes 
reminiscent of human NEC (116). 
In the EXPRESS cohort, 99% of the infants were exclusively fed human 
milk at four weeks of life (117). For EPT infants, human breast milk does 
not provide enough protein, minerals, and vitamins to meet the 
estimated nutrient requirements to maintain body and brain growth 
close to intrauterine growth (44). Therefore, human milk fortifiers of 
bovine origin are added to breast milk with the consequence that all EPT 
infants are exposed to bovine casein proteins (39,118). 
As early as 1980, Levain et al. showed that it is possible to produce 
enriched human milk formula from only human breast milk (119). 
Almost 30 years later, technology to collect, process, and screen large 
quantities of donated human milk was developed, making it possible to 
produce full human milk formula and fortifiers (120). Today, Prolacta 
Bioscience (CA, USA) has made a commercial human breast milk 
formula and fortifiers from 100% breastmilk that are in use in over 400 
centres in the USA, Canada, and Austria (121). 
Sullivan et al. showed in 2010, in an RCT with 207 preterm infants, that 
exclusive human-based nutrition with human milk based fortification 
leads to a significant reduction in NEC incidence of 50% and surgical 
NEC incidence to almost 90% compared to human breast milk with 
bovine-based fortification (122). However, this study had a significant 
flaw in its design, since the bovine fortifier group also received preterm 
formula, which is known to increase the risk of NEC. 
In contrast to these findings, the Nordic study on human milk 
Fortification in Extremely preterm infants (N-Forte) trial which 
contributed to the cohort in Study IV, saw no effect of human milk based 
fortification on the composite outcome of sepsis, death, or NEC (123). 
Feeding advancement, transfusions, and antibiotics 
Feed advancement was not associated with an increased risk of NEC in 
three Cochrane reports (124–126). Feeding advancement might even be 
associated with a protective effect against NEC, as reported in a recent 
large cohort study from the United States (127). The association between 
fortification and the risk of NEC has been less explored. A systemic 
review published in 2019 compared early and late fortification and found 
no adverse effects of early fortification on NEC risk (128). However, the 
conclusion was graded as having a low level of evidence owing to the 
significant heterogeneity among the studies. 
Red blood cell transfusions are unlikely to be a causal risk factor for 
NEC. One meta-analysis concluded that Grading of Recommendations, 
Assessment, Development and Evaluations (GRADE) evidence of 
transfusion-induced NEC was very low (129). Another meta-analysis 
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including 15,675 infants suggested that transfusions might reduce the 
risk of NEC by 45% (130). This conclusion is further supported by a 
recent post hoc analysis of a transfusion trial in EPT infants, which 
found no temporal association with a higher NEC risk after red blood cell 
transfusion (79).  
The relationship between antibiotic exposure and NEC risk is unclear. 
Early empirical antibiotic treatment during the first three postnatal days 
has been linked to a reduced risk of NEC in two large multicentre cohort 
studies (131,132). This effect may result from a brief delay in intestinal 
colonisation, potentially allowing the mucosal barrier to mature and the 
immune system to adapt before the bacterial load is established 
(131,132). Conversely, other observational studies have reported a strong 
association between antibiotic exposure and an increased risk of NEC 
(133,134), likely due to the disruption of normal microbiome 
development (135,136).  

Gastrointestinal function in extremely preterm 
infants  
Development of the GI tract in preterm infants  
Anatomical differentiation of the human GI tract occurs by 
approximately 20 weeks’ gestation; however, it is in the second and third 
trimester when critical functional development takes place (36).  
Consequently, meeting the substantial nutritional needs of EPT infants 
born with a reduced capacity to digest and absorb nutrients presents a 
significant challenge. 
The different functions of the GI tract do not develop simultaneously but 
mature at different rates (36) (Figure 6). Two of the most important 
functions of the GI tract are the digestion and absorption of 
macronutrients and intestinal motility. 
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Figure 6. Developmental stages of digestive processes, gastrointestinal 
innervation, and motility patterns in the foetus and preterm infant. 
Reproduced from Indrio et al. (36), licensed under CC BY 4.0. 
The process of protein digestion commences in the stomach, wherein the 
presence of pepsinogen and hydrochloric acid results in the denaturation 
of dietary proteins. In preterm infants, this ability is reduced, as is the 
activity of other major pancreatic enzymes, compared to term infants 
(36). This immaturity has led to clinical trials comparing hydrolysed 
protein formula with standard formula in preterm infants. However, 
according to a Cochrane review, hydrolysed formulas do not reduce the 
risk for NEC or FI (137).  
Carbohydrates are digested by salivary and pancreatic amylases in the 
intestinal lumen and subsequently broken down into monosaccharides 
at the epithelial brush border (36). Salivary amylase, pancreatic amylase, 
and active lactase levels are suppressed in preterm infants. As a result, a 
higher proportion of undigested carbohydrates reaches the distal 
intestine, where they are fermented by microbes into short-chain fatty 
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acids that can be absorbed. Interestingly, short-chain fatty acids play an 
important role in regulating the proliferation of colonic cells and 
modulating the immune system (138,139). 
The digestion of fat requires micellar emulsification by bile acid, which 
forms small droplets before it is hydrolysed into monoglycerides by 
lipases. Both pancreatic lipase and bile acid excretion are reduced in 
preterm infants, impairing fat digestion. Some fatty acids are essential 
and must be provided; some of these essential acids require further 
enzymatic conversion before use in the central nervous system (140). It 
is therefore problematic that enzymatic capability may be lacking among 
EPT infants.  
Intestinal motility is a coordinated movement that is complex and 
regulated by extrinsic and intrinsic neurones, hormones, and myogenic 
mechanisms (36). In EPT infants, the gastric motility is poorly 
organised. It is first at 32 to 36 weeks’ gestation that the electrical 
activity and emptying of the stomach resemble those of a term infant. 

Feeding intolerance 
After birth, EPT infants depend on parenteral nutrition to meet their 
nutritional needs (37,44). Unfortunately, prolonged parenteral nutrition 
is associated with adverse effects, most commonly an increased risk of 
infection and cholestasis (66). Therefore, the goal for EPT infants is to 
rapidly transition from parenteral nutrition to enteral nutrition alone 
(141). To fulfil this goal, it is recommended that the infant follows a 
feeding plan with increased daily enteral feed relative to weight (ml/Kg) 
and GA (34,44). With an accelerated feeding plan, full enteral needs are 
attained at a median postnatal day of seven in EPT infants (142). 
Among preterm infants, up to 30% fail to follow the ordinary feeding 
plan because to FI (143). Yet, there is no gold standard definition for FI 
(37,66,144). Some studies used clinical symptoms such as emesis, bowel 
distension, and bloody stools. In contrast, other studies used 
quantitative measurements of gastric residuals, not reaching full enteral 
feeds according to the feeding plan or reduced enteral feeds over a 
period (66,143). 
Infants with FI are at a higher risk of disrupted feeding plans, poorer 
growth, and a higher risk for adverse outcomes (40). Clinicians must 
balance the benefits of oral nutrition with the perceived risk of provoking 
severe neonatal morbidity (66). 
Both FI and NEC in EPT infants are clinical markers of an immature GI 
tract, characterised by reduced digestive enzyme activity, impaired 
barrier function, and decreased intestinal motility, in EPT infants  
(66,145,145,146). However, FI was not significantly associated with the 
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risk of NEC in a meta-analysis of eight studies (143), and FI probably 
represents a different pathogenic pathway and a more subtle clinical 
onset than preterm NEC (66). 
However, in clinical practise neonatologist has to interpret common and 
non-specific signs of FI and decide if the course is a potentially 
dangerous condition such as NEC or sepsis (66) or a more benign reason 
as continuous positive airway pressure (CPAP), obstipation, an increase 
of enteral feeds or increased fortification. It is easy to understand that 
the symptoms of FI lead to a wide range of explanatory models and 
measures, such as changed peak end-expiratory pressure on CPAP, colon 
irrigation, changed breastmilk fortification, decreased enteral feeding, or 
the feeding may even be discontinued. 
The prevalence of FI is high among EPT infants and in preterm infants; 
depending on the definition, the incidence is reported to be 15-30% 
(143). FI among EPT infants is an understudied patient group in the 
literature; a PubMed search on “(“Infant, Extremely Low Birth Weight” 
[Mesh]) OR “Infant, Extremely Premature” [Mesh] AND “feeding 
intolerance”” in March 2026 resulted in 28 articles. This low result could 
explain why many questions remain unanswered regarding what 
distinguishes infants with FI from their peers without FI, as well as the 
best treatment and prevention practices in this vulnerable group of 
preterm infants.  
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Aims of the thesis 

The survival of EPT infants has increased significantly over the last few 
decades. These infants are at a high risk of neonatal morbidities, which 
can predict mortality and long-term morbidities. One of the major 
neonatal morbidities in preterm infants is NEC, which is highly 
integrated with enteral nutrition and FI. 
This thesis aims to improve our understanding of the diagnosis and 
possible prevention strategies for neonatal morbidities in EPT infants, 
focusing on NEC, nutrition, and prolonged FI.  
The specific aims are: 
1. To validate the diagnoses and incidence of NEC in a national 

population-based cohort of EPT infants within the EXPRESS 
cohort (Study I). 

2. To investigate the factors associated with the increased incidence 
of NEC in EPT infants in Sweden between two epochs (2004–
2007 and 2014–2016) using the EXPRESS and EXPRESS 2 
cohorts (Study II). 

3. To investigate the association between advancement of enteral 
feeding and breast milk fortification with the risk of NEC and 
postnatal growth in EPT infants using the EXPRESS and 
EXPRESS 2 cohorts (Study III). 

4. To describe risk factors and clinical outcomes associated with 
prolonged FI in EPT infants without NEC or other surgical 
abdominal diseases, using data from the N-Forte trial. (Study 
IV). 

5. To perform cross-cohort comparisons in the findings of Studies 
II–IV, with a focus on NEC incidence and onset, prolonged FI 
incidence, nutritional practices, and growth differences (Thesis). 
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Hypotheses of the papers 

I. Despite the carefully collected data, the NEC incidence in the 
EXPRESS cohort is subject to both over- and 
underestimation. 

II. Improved survival among the most immature infants 
contributes to an increase in NEC incidence in the EXPRESS 
2 cohort. 
 

III. a. Nutritional intake improved in the EXPRESS 2 cohort 
compared to the EXPRESS cohort and is associated with 
improved growth. 
 
b. Early enteral feeding advancement is associated with the 
risk of NEC.  
 

IV. Prolonged FI among infants without NEC or other surgical GI 
diseases represents a distinct phenotype associated with 
delayed achievement of nutritional targets, suboptimal 
macronutrient intake, impaired growth, and increased 
neonatal morbidities.  
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Materials and methods 

Study design 
This thesis comprises three national prospective cohort studies (Study I-
III) based on the EXPRESS and EXPRESS 2 cohorts, and one nested 
case–control study (Study IV) based on the N-Forte trial. The EXPRESS 
cohorts were population-based studies of EPT infants in Sweden, 
whereas N-Forte was a multicentre RCT conducted in five Swedish 
healthcare regions. The EXPRESS cohort was conducted between 2004 
and 2007, the EXPRESS 2 cohort was conducted between 2014 and 
2016, and the N-Forte trial was conducted between 2019 and 2021.  

Study populations 
The EXPRESS cohorts 
The EXPRESS cohort collected data on EPT infants born before 27 
weeks’ gestation during three years from 1 April 2004 to 31 March 2007 
including all obstetric and neonatal units in Sweden (147). The first 
publication from the EXPRESS cohort included 707 live-born infants, of 
whom 638 were admitted for intensive care (62,147) (Figure 7).  
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Figure 7. Flowchart of the study populations and exclusions for Studies I–III. 
The EXPRESS 2 cohort was a follow-up to the EXPRESS cohort 10 years 
later (1 January 2014 to 31 December 2016) and used the same inclusion 
criteria (n=923 liveborn) (4) (Figure 7).  
After the removal of duplicate records, the number of infants was 
reduced to 704 live-born infants in the EXPRESS cohort and 895 infants 
in the EXPRESS 2 cohort. However, one infant in EXPRESS 2 was 
subsequently identified as a non-duplicate in Study III, resulting in a 
final study population of 896 infants in Study III (Figure 7). 
In Study II, all live-born infants were included to ensure comparability 
between the EXPRESS cohorts, whereas Studies I and III included only 
infants who survived for ≥24 h. In Study III, to minimise potential 
interference with NEC diagnosis, infants with chromosomal or major 
congenital anomalies were additionally excluded, as were infants born in 
two of the six healthcare regions where nutritional and growth data were 
unavailable. These exclusions resulted in an approximately 40% 
reduction in the study population for Study III (Figure 7 and Figure 8). 
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Figure 8. Geographic distribution of included and excluded healthcare regions 
in Sweden for Studies III (a) and IV (b). 

The N-Forte trial population 
The N-Forte trial recruited patients between May 2019 and July 2021 
from five healthcare regions in Sweden: Umeå, Linköping, Stockholm, 
Uppsala, and Gothenburg (123,148) (Figure 8). Infants born at a GA of 
22 0/7 to 27 6/7 weeks were eligible if they had not reached enteral feeds 
>100 mL/kg/day, had survived at least three days of postnatal age and 
had no lethal or complicated malformation, chromosomal anomaly, GI 
malformation, abdominal surgery, no realistic hope for survival, or 
concurrent participating in any other intervention trial with similar 
outcomes. This contrasts with the EXPRESS cohorts, which included all 
live-born infants born below 27 weeks’ gestation. 
In total, 229 infants were enrolled, of whom one subsequently withdrew 
consent. Additional exclusions were applied to reduce interference with 
prolonged FI (Study III): infants diagnosed with NEC, infants 
undergoing abdominal surgery other than NEC, or infants who died 
within 30 postnatal days (Figure 9, Figure 8).  
 

a b

Regions

Included

Not Included
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Figure 9. Flowchart of the study population and exclusion criteria for Study 
IV. FI, feeding intolerance; NEC, necrotising enterocolitis. 

Data sources and data collection 
The EXPRESS cohort prospectively collected 193 variables on prenatal 
health, maternal characteristics, transition, neonatal treatments, and 
neonatal outcomes (110,147). The EXPRESS 2 cohort used the Swedish 
Neonatal Quality (SNQ) Registry (4,149) as its primary data source. For 
both cohorts, mortality and major morbidity data were cross-checked 
against the medical records and the Swedish Medical Birth Registry.  
The SNQ registry collects data on all live-born infants admitted to the 
neonatal intensive care unit (NICU) at any hospital in Sweden (149). 
Infants admitted after birth until 28 postnatal days are also included. 
Depending on the study site, data are either entered electronically daily 
or at discharge or death. As of January 2026, the registry included 359 

N-forte cohort
228

Cohort after exclusions (Study IV)
199/228 (87.3%)

Infants excluded
 before matching:

NEC (n=16)
Abdominal surgery

 other than NEC (n=8)
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Matched Controls (2:1)
56/171 (32.7%)

Unmatched
 Controls

115 (67.3%)

Prolonged FI Matched 
28/28 (100.0%)
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variables related to neonatal care (150). In addition, the registry contains 
information on neonatal transports and follow-ups at 2 and 5.5 years of 
age. 
The registry was validated against the Swedish population registry 2019, 
demonstrating that 98-99% of infants born between 24-34 weeks’ 
gestation were captured (149). For most diagnoses, the completeness 
and agreement against the population registries were also excellent, 
according to the validation.  
The N-Forte trial was designed as a clinical trial evaluating a nutritional 
supplement administrated enterally and was conducted in accordance 
with the Good Clinical Practice guidelines (148). A predefined study 
protocol and dedicated case report forms were used to prospectively 
collect daily clinical data, including adverse events, antibiotic treatment, 
and growth parameters, until discharge or 44 weeks of PMA. Blood, 
urine, stool, and maternal breast milk samples were collected weekly 
during the first four weeks of life, while detailed nutritional data were 
recorded until 34 weeks PMA. Moderate and severe adverse events were 
documented separately and routinely reviewed by an independent data 
and safety-monitoring board. 

Nutrition and growth data collection 
In Studies I, III, and IV, nutritional data were extracted from Nutrium 
(Nutrium AB, Sweden), a nutrition calculation and prescription software 
routinely used in many Swedish NICUs (151). The Nutrium software 
includes a comprehensive database of the nutritional composition of 
most parenteral and enteral nutrition products used in neonatal care. 
The software also allows entry of the macronutrient content from 
analysed breastmilk, enabling precise calculation of daily intake of 
macro- and micronutrients.  
For the EXPRESS cohort, complete nutritional and growth data were 
collected from hospital charts and entered into the software (39). In 
contrast, no dedicated nutritional studies were conducted within the 
EXPRESS 2 cohort; consequently, no validated dataset containing 
nutritional and growth parameters was available. However, the Nutrium 
software was in routine clinical use in most level III NICUs in Sweden 
during 2014–2016. Accordingly, Study III utilised clinically recorded 
data from Nutrium and included only infants who survived ≥24 hours, 
were registered in Nutrium, and were born in healthcare regions where 
the software was used in routine clinical practice during the study period 
(Umeå, Linköping, Stockholm, and Gothenburg) (Figure 8).  
There was a high ratio of missing nutritional and growth data in 
Nutrium for the EXPRESS 2 infants from the healthcare region 
Stockholm and Linköping. To address this, Nutrium data were 
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completed from patient records with the help of study nurses at each 
study site. Daily data were obtained until 28 days of life.  
In Study IV, nutritional and weight data were collected daily by study 
nurses at each study site and entered in Nutrium until 34 weeks PMA. 
Weight was recorded daily, and head circumference (HC) and length 
were recorded weekly.  

Definitions of variables and outcomes 
Primary exposures and outcomes 
In Study I, the primary outcome was the incidence of NEC in the 
EXPRESS cohort after case validation. In Study II, the primary outcome 
was the validated incidence of NEC in the EXPRESS and EXPRESS 2 
cohorts, analysed separately, with early perinatal risk factors for NEC as 
the primary exposures. In Study III, the primary outcome was the 
combined incidence of validated NEC across the two EXPRESS cohorts, 
and the primary exposures were early enteral feeding-related risk 
factors. In Study IV, the primary outcome was prolonged FI in the N-
Forte trial. The secondary outcomes included neonatal morbidities 
associated with prolonged FI, whereas primary exposures were risk 
factors associated with prolonged FI.  
In addition, a cross-cohort comparison of findings from Studies II–IV 
was performed at the thesis level, focusing on NEC incidence and onset, 
prolonged FI, nutritional practices, and growth outcomes. 

Morbidities  
All studies used standardised definitions for neonatal morbidities 
consistent with those applied in the SNQ registry and commonly used in 
the neonatal literature. Sepsis was confirmed based on positive blood 
culture results. Patent ductus arteriosus (PDA) was diagnosed when 
medical or surgical treatment was required. ROP stadium stage 3-5 was 
defined according to international classification of retinopathy of 
prematurity second version (19), IVH grade 3-4 according to Papile (20), 
PVL was defined as proposed by de Vries et al. (152), severe BPD was 
defined as treatment with ≥30% oxygen at 36 weeks of PMA, and NEC 
was defined as Bell stage II or higher (22,63).     

Growth references 
To maximise the fit of the growth chart to the study populations, we used 
a Swedish growth reference for postnatal growth in all studies (153). The 
growth reference is based on the Swedish Medical Birth Registry and 
includes the birth weight of 810393 infants from healthy mothers 
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between 1990-1999. The growth reference uses logarithmic 
transformation, and the cutoffs for small for gestational age (SGA) and 
large for gestational age (LGA) are based on standard deviations. The 
Niklasson & Albertsson-Wiklands growth reference only covers infants 
from 24 weeks’ gestation; therefore, for infants born at 22 and 23 weeks’ 
gestation, the Kramer growth reference was used (154). The Kramer 
growth reference is based on a Canadian population of singletons and 
infant deaths between 1994 and 1996. The reference uses percentiles 
instead of standard derivations as cutoffs for SGA and LGA. However, in 
our studies, percentiles were transformed to z-scores to better 
harmonise with the Niklasson & Albertsson-Wiklands reference.  
In both EXPRESS cohorts, the Maršál intrauterine growth curve was 
used to calculate the z-score of birth weight scores (155). The Maršál 
growth reference, on the other hand, contrasts with the Niklasson & 
Albertsson-Wiklands and Kramers growth references. The Maršál 
growth reference is derived from ultrasound measurements of 86 
uncomplicated pregnancies. In the studies included in this thesis, the 
Maršál growth reference was only used for the birthweight z-score and 
classification of SGA; for all postnatal growth trajectories the Niklasson 
& Albertsson-Wiklands or Kramers growth references was used.  

Antenatal exposures 
In all studies, GA was documented in completed weeks and days. For the 
majority of infants, GA was determined using antenatal ultrasound (4). 
In cases of in vitro fertilisation, GA was based on the date of embryo 
transfer. When ultrasound-based dating was unavailable, GA was 
estimated using the date of the last menstrual period.  
Throughout all study periods, the standard protocol for antenatal 
corticosteroids in cases of threatened preterm birth was administration 
of 12 mg betamethasone injection administered 12 and 24 hours apart. 
Preterm rupture of membranes was defined as spontaneous rupture of 
membranes ≥1 h before the onset of contractions. Chorioamnionitis was 
diagnosed clinically.  

Validation of NEC diagnosis 
In all studies (I-IV), NEC diagnoses were thoroughly validated and 
staged according to Bells’ classification (4,22,63,147,148). In the 
EXPRESS cohort, NEC diagnoses were either directly identified in the 
dataset or through reduced enteral feeding criteria. The feeding criteria 
were used to identify suspected NEC diagnoses that were not otherwise 
documented in the dataset, as described in detail in Study I. In contrast, 
in the EXPRESS 2 cohort, NEC diagnoses were exclusively identified in 
the dataset (Figure 10).  
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Figure 10. Flowchart illustrating the validation process for necrotising 
enterocolitis (NEC) diagnoses in the EXPRESS and EXPRESS 2 cohorts. 
The information obtained for validation was similar between the studies 
(I-IV): patient records, written abdominal X-ray results, ultrasound 
results, surgery reports, intestinal biopsy, and autopsy protocols. For all 
NEC diagnoses in the EXPRESS cohort dataset, NEC staging was 
performed independently by the author of this thesis and a senior 
neonatologist (Figure 10). Differences in categorisation (n=4) were 
settled by consensus. For four infants in Study I, abdominal X-ray 
images were reevaluated by an experienced paediatric radiologist.  
The validation process for the EXPRESS 2 cohort differed from that of 
the EXPRESS cohort in that it was primarily conducted at each local 
study site by a senior neonatologist (Figure 10). This approach was 
adopted for practical reasons, primarily to minimise administrative 
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procedures related to the retrieval of patient records. At each site, the 
senior neonatologist completed a standardised validation pro forma 
checklist, which was subsequently reviewed by the author of this thesis. 
The validation pro forma checklist is provided in the Supplementary 
Material for Study II. Re-evaluation of abdominal radiographs was not 
performed. 
For Studies II and III, only validated NEC diagnoses from both cohorts 
were used.  
In Study IV, NEC diagnoses were also rigorously controlled, and the 
process is described in detail in the study protocol (148). For all infants 
with a suspected NEC episode, an independent radiological assessment 
was performed by a paediatric radiologist, and the final decision was 
confirmed by a blinded consensus panel.  

Prolonged feeding intolerance definition 
As no clear or widely accepted definition of prolonged FI in EPT infants 
was identified in the literature, a novel definition was developed in Study 
IV. Prolonged FI was defined as either prolonged feeding impairment or 
the prolonged absence of fortification (Figure 11). The prolonged feeding 
impairment criterion was based on the ratio of enteral and parenteral 
energy intake rather than volume intake. This approach was chosen to 
reduce the influence of variations in fluid management strategies, given 
that the administration of fluid volumes can differ substantially due to 
underlying clinical conditions such as BPD, PDA, sepsis, and 
hypotension. The energy ratio also facilitates standardisation across 
infants, as booth concentration of parenteral fluid and content of 
breastmilk can vary.  
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Figure 11. Flowchart illustrating the definition of prolonged feeding 
intolerance (FI) used in Study IV. 
To reduce the risk of sepsis acting as a confounding diagnosis for 
prolonged FI, the two days following each episode of sepsis onset were 
excluded from the definition. 

≥

≤

≥
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The exact thresholds for both criteria are specified in Study IV. These 
thresholds were not arbitrarily predefined; instead, an iterative process 
was applied, in which multiple candidate thresholds were evaluated. For 
each iteration, individual nutrient intake trajectories were plotted 
against postnatal age, and thresholds were refined until an appropriate 
balance between inclusiveness and specificity was achieved. 

Cross cohort comparison 
Cross-cohort comparisons were performed across Studies II–IV to assess 
consistency and variation in key outcomes, including NEC incidence and 
onset of NEC, association between advancement of enteral feeds, breast 
milk fortification and risk of NEC, prolonged FI incidence, nutritional 
practices, and growth. These comparisons applied the same definitions, 
variable handling, and statistical approaches as used in the respective 
study-specific outcome analyses. 

Statistical analysis 
General statical methods 
For all studies (I-IV), Student’s t-test and Welch’s unequal variance t-test 
were used to compare means, and the Wilcoxon rank-sum test was used 
for medians. Pearson’s χ2 test was used for categorical variables with an 
expected cell count ≥5, and Fisher’s exact test was used for categorical 
variables with an expected cell count <5. For most comparisons between 
groups, the assumptions of the central limit theorem were considered to 
be met. In analyses involving smaller sample sizes, data distributions 
were assessed using histograms to determine whether parametric 
(Gaussian) or non-parametric (rank-sum) tests were the most 
appropriate. Statistical tests for skewness or distribution were not used 
for this purpose.  

Survival analysis 
In Study II, Kaplan-Meier methods were used to visualise and compare 
the cumulative risk of NEC between cohorts, with the log-rank test used 
for group comparison. To adjust for perinatal risk factors associated with 
NEC risk, a Cox regression model was subsequently applied. As the 
proportional hazards assumption was not met, indicating that the risk of 
NEC was not constant over time, two separate models were built: one for 
early onset NEC (≤7 postnatal days) and one for late-onset NEC (>7 
postnatal days). The Kaplan-Meier curve demonstrated a step increase in 
the risk of NEC at postnatal day 7; therefore, this timepoint was chosen 
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as the cut-off between early and late NEC. In both Kaplan–Meier 
analyses and Cox regression models, infants were right-censored at 
death, with NEC defined as the outcome. 

Propensity score methods 
The propensity score is a balancing score that aims to equalise the 
distribution of baseline covariates between the exposed and unexposed 
groups, thereby reducing confounding (156). In this thesis, propensity 
scores were used to balance the covariates associated with the risk of 
NEC. The score can be calculated using various statistical models. In this 
thesis, both COX- and logistic regression were applied.  
Stratification (Study II) 
To further evaluate the differences in NEC risk between the cohorts in 
Study II, propensity score stratification was used. The score was derived 
from a Cox regression model with NEC as the dependent variable, 
censured for mortality, and six perinatal risk factors as covariates: GA, 
birth weight z-score, Apgar score at 5 min, caesarean delivery, prenatal 
corticosteroid treatment, and multiple pregnancy. Each cohort was then 
stratified into three groups of similar size based on the propensity score.  
Matching (Study IV) 
To achieve comparability between infants with prolonged FI and 
controls, propensity score matching was applied. To increase the 
statistical power, a 1:2 matching ratio (one case to two controls) was 
used. The propensity score was calculated using a logistic regression 
model with prolonged FI as the dependent variable and nine perinatal 
risk factors as covariates, which were selected based on their potential 
clinical relevance to prolonged FI or underlying vulnerability. To reduce 
complexity, covariates were chosen a priori based on clinical relevance 
rather than through an iterative stepwise model-building approach. The 
baseline balance achieved by matching was assessed using standardised 
mean differences rather than conventional hypothesis testing, as 
standardised mean differences are independent of sample size. 

Graphical presentation 
The lower and upper confidence intervals shown in the nutrition and 
growth graphs in Studies III and IV were calculated with Gaussian 
confidence limits based on the T-distribution.  
In Study IV, locally weighted scatterplot smoothing was used for some 
plots. This was to facilitate interpretation when the group sizes were 
small and the data were variable, thus reducing random effects.  
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Missing data and imputation 
Background and outcome data 
Both the EXPRESS and EXPRESS 2 cohorts were manually completed 
for missing data using hospital records (110,149). Owing to the small 
amount of missing data, list-wise deletion was used, and no imputation 
was performed for any background characteristics or outcome variables 
in any of the studies.  
Longitudinal nutrition and growth data 
The clinical nutrition and growth data in the EXPRESS 2 cohort 
contained a substantial amount of missing data; therefore, interpolation 
was performed. The EXPRESS cohort had a much lower degree of 
missing data. However, to ensure methodological consistency and enable 
comparability between cohorts, the same interpolation strategy was 
applied to the EXPRESS cohort. Although the N-Forte trial data had a 
high level of completeness, interpolation was performed to facilitate 
plotting and definition of prolonged FI. 
Permissive maximum gap configurations for interpolation are described 
in detail in Studies III and IV. Linear interpolation was used in both 
studies. Spline interpolation was considered, but not applied, as a tighter 
fit was not required, and linear interpolation was deemed sufficient 
while reducing methodological complexity. 
Different maximum gap lengths were applied depending on the variable. 
Weight and nutritional intakes were expected to be recorded daily and 
therefore allowed shorter gaps, whereas length and HC, which are 
routinely measured on a weekly basis, were assigned longer permissible 
gaps for interpolation. 
In Study III, shorter maximum gap intervals were applied during the 
first two postnatal weeks, reflecting the higher expected physiological 
variability during early neonatal life compared with later periods. This 
adjustment was not required in Study IV because the permissible 
maximum gap was uniformly shorter throughout the study period. 
Extrapolation 
Owing to the low absolute number of NEC diagnoses and to reduce the 
risk of type II errors, extrapolation was applied following interpolation 
in Study III. Specifically, the last observation carried forward was used 
when calculating the cumulative protein intake from fortification until 
the second postnatal week. 
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Use of artificial intelligence tools 
Artificial intelligence-based tools were not used for the generation of 
scientific content, data analysis, interpretation of results, or the 
composition of original scholarly text. 
In Study I, no artificial intelligence-based tools were used. In Study II, 
Grammarly (Grammarly Inc., USA) was used for language editing, 
spelling, and grammar checks. In Study III, Paperpal (Cactus 
Communications, India) was used for the same purposes. In Study IV 
and the preparation of this thesis, Paperpal was used for language 
editing, and the OpenAI ChatGPT (version 5.2) model was used 
exclusively to improve linguistic clarity and readability. All scientific 
content and interpretations remain the sole responsibility of the authors. 

Software use and libraries  
Statistical analyses were conducted using R version 4.2.1-4.5.1 (R Project 
for Statistical Computing) for Study II, III, and IV and SPSS Statistical 
software (Version 23.0 for Mac, SPSS Inc. Chicago, IL, USA) for Study I.  
Numerous R packages have been used, including arsenal, broom, dplyr, 
flowchart, ggplot2, gtsummary, Hmisc, janitor, knitr, MatchIt, naniar, 
stats, survival, tidymodels, tidyr, and zoo. 

Ethical considerations 
All studies (I-IV) were conducted in accordance with the Declaration of 
Helsinki (157).  
Studies I, II, and III were included in the ethical approval for the 
EXPRESS cohorts. The EXPRESS cohort was approved by the Ethics 
Committee in Lund, Sweden (Dnr 42/2004), and the EXPRESS 2 cohort 
was approved by the regional ethics review board in Stockholm, Sweden 
(Dnr 0I6/1629-31/2).  
Study IV is included in the ethical approval for the N-Forte trial, from 
the ethics review board at Linköping University (Dnr 2018/193-31). 
Written informed consent was obtained from both parents and legal 
guardians of participants in the EXPRESS cohort and the N-Forte trial. 
For the EXPRESS 2 cohort, data were obtained from the SNQ registry. 
Parents or legal caregivers were informed of the registry and their right 
to opt their children out of participation at any time. A waiver for written 
informed consent was granted by the Ethics Committee in Stockholm, 
Sweden.  
All studies in this thesis were conducted and reported in accordance with 
the strengthening of the reporting of observational studies in 
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epidemiology guidelines (158). The N-Forte trial was conducted in 
accordance with consolidated standards of reporting trials (159).  
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Primary study results 

Validation of NEC diagnoses in the EXPRESS 
cohort (Study I) 
In the EXPRESS cohort (Table 3), 602 infants survived for ≥24 hours. 
Among them, 38 infants (6.3%) were originally classified as NEC cases. 
Validation of NEC Bell’s stage II–III diagnoses in EXPRESS resulted in 
16 (of the 38 cases (42.1%)) being reclassified as non-NEC (Table 2, 
Figure 10).  

 
Table 2. Reclassified necrotising enterocolitis diagnoses (NEC) in the EXPRESS 
and EXPRESS 2 cohorts. 

 
EXPRESS EXPRESS 2 

NEC diagnoses before validation 38 102 

Reclassified NEC-diagnoses 
  

Sepsis 
 

7 (6.9) 

SIP 3 (7,9) 6 (5.9) 

Volvulus 1 (2.6) 2 (2.0) 

Bowel Atresia 
 

1 (1.0) 

Meconium Ileus 1 (2.6) 1 (1.0) 

Incarcerated inguinal hernia 
 

1 (1.0) 

Circulatory disturbances  
 

2 (2.0) 

Constipation 
 

1 (1.0) 

 Bell’s stage I or no NEC diagnosis  11 (28.9) 8 (7.8) 

Sum reclassified NEC to no-NEC 16 (42.1) 29 (28.4) 
Data are presented as numbers and proportions (%). NEC, necrotising enterocolitis; SIP, spontaneous 
intestinal perforation. 

An enteral feeding criterion was applied to identify potentially missed 
cases. This criterion was fulfilled by 74 infants, of whom four were 
confirmed as additional NEC cases following the review. After validation, 
26 NEC cases remained, corresponding to a revised NEC incidence rate 
of 4.3%. 
The most common reason for misclassification was Bell’s stage I or no 
NEC diagnosis, accounting for 11 of the 38 initially diagnosed NEC cases 
(28.9%) (Table 2). SIP was the second most common reason, identified 
in three infants (7.9%). Of the four additional NEC cases identified 
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through the enteral feeding criterion, three were classified as 
macroscopic NEC and one as NEC Bell’s stage II. 

Risk factors associated with the increased NEC 
incidence in EXPRESS 2 vs EXPRESS (Study II) 
Study II included all liveborn infants in the EXPRESS (n = 704) and 
EXPRESS 2 (n = 895) cohorts (Table 3).  

NEC diagnosis validation 
Prior to the validation, 102 infants (11.4%) were classified as having 
NEC. Following the validation of the diagnoses, 73 cases remained, 
corresponding to a revised incidence of 8.3% (Table 2). 
To ensure a uniform NEC classification across the two cohorts, nine 
cases of suspected NEC in the EXPRESS cohort were re-evaluated. This 
re-validation led to the reclassification of an additional case from no 
NEC to NEC. 
Similar to the findings in the EXPRESS cohort, Bell’s stage I or absence 
of NEC was the most common reason for misclassification, accounting 
for eight of the 102 initially registered NEC cases (7.8%). In EXPRESS 2, 
sepsis was the second most common reason for misclassification, 
identified in seven of the 102 NEC-classified infants (6.9%) (Table 2). 
Following validation, the incidence of NEC remained significantly higher 
in the EXPRESS 2 cohort than in the EXPRESS cohort (8.2% vs 3.8%, p 
< 0.001) (Table 3). In contrast, overall mortality was lower in EXPRESS 
2, with a one-year mortality of 22.1% compared with 30.1% in EXPRESS 
(p < 0.001). 
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Table 3. Perinatal characteristics and neonatal outcomes in the EXPRESS, 
EXPRESS 2, and N-Forte cohorts. 
Characteristic EXPRESS  

N = 7041 
EXPRESS 2  
N = 8951,2 

N-Forte  
N = 2281 

Gestational age, weeks 25.04 (1.27) 24.92 (1.35) 25.63 (1.54) 
Birth weight, g 741 (184) 718 (176) 790 (209) 
Male 386 (55%) 510 (57%) 122 (54%) 
Multiple pregnancy 158 (22%) 214 (24%) 40 (18%) 
Small for gestational age 114 (16%) 166 (19%) 31 (14%) 
Prenatal corticosteroid treatment 588 (87%) 785 (90%) 156 (68%) 
Cesarean delivery 355 (50%) 493 (55%) 137 (60%) 
Apgar score at 5 min 7 (5, 9) 6 (4, 8) 7 (5, 8) 
Mechanical ventilation, days3 7 (2, 19) 14 (3, 27) 6 (1, 25) 
Mechanical ventilation first week, days 4 (1, 7) 5 (1, 7) 2 (0, 7) 
BPD 287 (62%) 447 (52%) 126 (55%) 
Severe BPD4 117 (25%) 115 (16%) 0 (NA%) 
Intraventricular haemorrhage 248 (41%) 326 (40%) 76 (33%) 
Intraventricular haemorrhage grades 3–4 94 (13%) 118 (13%) 17 (7.5%) 
Periventricular leukomalacia 35 (5.4%) 20 (2.2%) 12 (5.3%) 
ROP stages 3–5 177 (25%) 254 (28%) 54 (24%) 
Patent ductus arteriosus 343 (53%) 460 (51%) 90 (39%) 
Sepsis 269 (38%) 322 (36%) 62 (27%) 
Death <40 weeks PMA 198 (28%) 184 (21%) 19 (8.3%) 
Death or NEC <40 weeks PMA 218 (31%) 231 (26%) 30 (13%) 
NEC Bell’s stages II-III 27 (3.8%) 73 (8.2%) 17 (7.5%) 
Early NEC (0–7 days) 14 (2.0%) 21 (2.3%) 2 (0.9%) 
Late NEC (>7 days) 12 (1.7%) 52 (5.8%) 15 (6.6%) 
Macroscopic NEC 21 (3.0%) 57 (6.4%) 7 (3.1%) 
1Mean (SD); n (%); Median (Q1, Q3) 
2The EXPRESS 2 cohort size differed by one infant between Study II and Study III owing to the correction of 
duplicate records. 
3Mechanical ventilation days were recorded until discharge in the EXPRESS cohorts and until 34 weeks’ 
PMA in the N-Forte cohort. 
4 ≥30% O₂ and/or respiratory support at 36 weeks PMA. 

BPD, bronchopulmonary dysplasia; NEC, necrotising enterocolitis; PMA, postmenstrual age; ROP, 
Retinopathy of prematurity; SD, standard deviation;. 
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Risk factor analysis 
The incidence of macroscopic NEC paralleled the overall NEC incidence, 
and was higher in EXPRESS 2 than in EXPRESS (6.4% vs 3.0%, p = 
0.002) (Table 3). The composite outcome of death within one year 
and/or NEC was lower in EXPRESS 2 (27.3%) than in EXPRESS (32.5%) 
(p = 0.022). The difference in composite outcomes between the two 
cohorts widened with decreasing GA (Figure 12). 

 
Figure 12. Proportions of death without NEC, NEC, and survival without NEC 
by gestational week in the EXPRESS, EXPRESS 2 cohorts (<27 weeks), and the 
N-Forte trial (22–27 weeks). 
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Survival analysis demonstrated a marked increase in the risk of NEC in 
EXPRESS 2 compared with EXPRESS (Figure 13), suggesting potential 
differences in the underlying risk factors. This observation motivated the 
division of NEC into early (0–7 days) and late (>7 days) onset. 

 
Figure 13. Kaplan–Meier curves for the time to NEC onset from birth to 
postnatal day 50 in the EXPRESS, EXPRESS 2 cohorts, and the N-Forte trial. 
Infants were censored at death or postnatal day 50. Tick marks indicate 
deaths that occurred before NEC. 
In a multivariable Cox regression analysis censured for death, there was 
no significant difference in the risk of early NEC between cohorts 
(hazard ratio = 0.9, 95% CI 0.5–1.9; p = 0.9). However, the risk of late 
NEC was significantly higher in EXPRESS 2 (HAZARD RATIO = 2.7, 
95% CI 1.5–5.0; p = 0.001). In addition to cohort affiliation, IVH 
remained an independent risk factor for late NEC. A low Apgar score at 5 
min was the only significant independent risk factor for early NEC. 
As the Cox regression analysis did not fully explain the increased 
incidence of late NEC (>7 days), propensity score stratification analysis 
was performed. In the analysis, the incidence of NEC was significantly 
higher in EXPRESS 2 than in EXPRESS only among infants in the 
highest tertile of predicted NEC risk (34/291 [12%] vs 6/217 [2.8%], p < 
0.001). The highest risk tertile also had the lowest mean GA (EXPRESS: 
23.66 weeks; EXPRESS 2: 23.50 weeks). No significant differences were 
observed between cohorts in the intermediate- or low-risk tertiles. 
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Early enteral nutrition practices and growth, in 
relation to NEC risk in EXPRESS and EXPRESS 2 
(Study III) 
Study III included only infants born in healthcare regions that had 
implemented the nutritional calculation software Nutrium during the 
EXPRESS 2 period and who were registered in the software (Figure 8). 
Consequently, the EXPRESS cohort was reduced from 600 infants 
surviving ≥24 hours to 336, and the EXPRESS 2 cohort was 
correspondingly reduced from 847 to 483 infants (Table 4). 
The baseline characteristics were consistent with those of the original 
cohorts (Table 4). The reduced sample size limited statistical power, and 
no statistically significant difference was observed in one-year mortality 
between the EXPRESS 2 and EXPRESS cohorts (47/332 [14.2%] vs 
51/483 [10.6%], p = 0.12). Similarly, the overall incidence of NEC did 
not differ significantly between cohorts (40/483 [8.3%] vs 19/332 
[5.7%], p=0.2). 
When stratified by timing of onset, the incidence of late NEC (>7 days of 
life) remained significantly higher in the later cohort (28/483 [5.8%] vs 
9/332 [2.7%], p=0.038), whereas no significant difference was observed 
for early onset NEC (0–7 days) incidence (12/483 [2.5%] vs 10/332 
[3.0%], p=0.6). 
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Table 4. Early nutritional practices and postnatal growth outcomes in the 
restricted EXPRESS and EXPRESS 2 cohorts and in the N-Forte trial. 

Characteristic EXPRESS  
N = 3321 

EXPRESS 2  
N = 4831 

N-Forte  
N = 2281 

Birth weight, g 783 (162) 739 (159) 790 (209) 
Birth weight z-score -0.71 (1.15) -0.94 (1.22) -0.95 (1.30) 
Birth length, cm 32.91 (2.32) 32.17 (2.32) 32.70 (3.25) 
Birth length z-score -1.11 (1.38) -1.41 (1.45) -1.54 (1.72) 
Birth HC, cm 23.30 (1.51) 22.84 (1.61) 23.30 (1.98) 
Birth HC z-score -0.48 (0.68) -0.60 (0.73) -0.61 (0.80) 
Weight nadir (day) 4 (2, 6) 3 (2, 4) 3 (2, 4) 
Weight nadir (% of birth weight) 0.09 (0.04, 0.15) 0.08 (0.03, 0.12) 0.10 (0.07, 0.13) 
Passed birthweight, day 12 (8, 16) 7 (4, 9) 8 (6, 10) 
Time to reach full EN three days in a row, days 18 (12, 29) 16 (11, 25) 10 (8, 14) 
Average increase of enteral nutrition to day 8, 
ml/kg/d 

8 (2, 14) 10 (5, 15) 17 (12, 21) 

Average increase of enteral nutrition day 1-
14, ml/kg/d 

8.5 (3.6, 11.7) 10.0 (6.7, 12.0) 11.7 (9.8, 12.6) 

Enteral fortification started <8d of age 12 (3.6%) 129 (27%) 142 (62%) 
Enteral fortification started <15d of age 75 (23%) 337 (70%) 210 (92%) 
First day of enteral fortification, (day) 17 (6) 11 (5) 7 (5) 
Amount of fortification day 1-7 (gram 
protein/kg) 

0.03 (0.21) 0.35 (0.92) NA (NA) 

Amount of fortification day 1-14 (gram 
protein/kg) 

0.6 (1.4) 4.0 (4.4) 8.8 (6.4) 

Delta z score weight birth to 4 week -2.18 (0.79) -1.49 (0.85) -1.30 (0.75) 
Delta z score length birth to 4 week -2.22 (1.05) -1.96 (1.06) -1.76 (1.10) 
Delta z score HC birth to 4 week -1.44 (0.78) -1.53 (0.66) -1.40 (0.72) 
Delta z score weight birth to PMA 34w 0d -2.47 (1.32) -1.88 (1.23) -1.60 (1.30) 
Delta z score length birth to PMA 34w 0d -3.71 (1.51) -3.31 (1.41) -2.91 (1.70) 
Delta z score HC birth to PMA 34w 0d -1.58 (1.05) -1.89 (1.06) -1.51 (1.12) 
1Mean (SD); Median (Q1, Q3); n (%) 

EN, enteral nutrition; HC, head circumference; NA, not available; PMA, postmenstrual age; SD, standard deviation. 
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Differences in nutrition and growth 
During the first 28 postnatal days, infants in the EXPRESS 2 cohort vs 
the EXPRESS cohort had a higher total fluid intake over the first three 
postnatal weeks and enteral fluid for the four first postnatal weeks 
(Figure 14). All macronutrients, as well as enteral intake, showed an 
increased intake for EXPRESS 2 vs EXPRESS (Figure 15).  

 
Figure 14. Trends in total fluid and enteral intake during the first 28 postnatal 
days in the restricted EXPRESS and EXPRESS 2 cohorts and in the N-Forte 
trial. Solid lines represent daily mean values, and shaded areas indicate 95% 
confidence intervals. 
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Figure 15. Macronutrient intake and changes in postnatal growth over the first 
28 postnatal days in the restricted EXPRESS and EXPRESS 2 cohorts, and in 
the N-Forte trial. Daily mean values (solid lines) with 95% confidence intervals 
(shaded areas) from day 0 to postnatal day 28 for (a) protein intake 
(g/kg/day), (b) fat intake (g/kg/day), (c) carbohydrate intake (g/kg/day), (d) 
enteral protein intake (g/kg/day), (e) enteral fat intake (g/kg/day), and (f) 
enteral carbohydrate intake (g/kg/day). Horizontal dashed lines indicate the 
recommended intake for each macronutrient according to the ESPGHAN 
guidelines (44). Panels g–i show changes in growth z-scores from birth: (g) 
weight, (h) length, and (i) head circumference (HC).  
 
The decline in z-scores for weight and length from birth to postnatal day 
28 was significantly less pronounced in EXPRESS 2 compared to 

Protein

0

1

2

3

4

a
Fat

0

2

4

6

8

b
Carbohydrates

5.0

7.5

10.0

12.5

15.0

c

Enteral Protein

0

1

2

3

4

d
Enteral Fat

0

2

4

6

8

e
Enteral Carbohydrates

0

5

10

15

f

Weight

0 10 20

-2.0

-1.5

-1.0

-0.5

0.0

g
Length

0 10 20
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

h
HC

0 10 20

-1.5

-1.0

-0.5

0.0

Postnatal age (days)

g/
kg

/d
ay

 
Z-

sc
or

e 
ch

an
ge

i

Cohort
EXPRESS

EXPRESS 2

N-Forte



 

45 

EXPRESS (weight: –1.49 ± 0.85 vs –2.18 ± 1.06, p < 0.001; length: –1.96 
± 1.06 vs –2.22 ± 1.06, p = 0.013) (Figure 15). Similarly, the drop in z-
scores for weight and length from birth to 36 weeks’ PMA was smaller in 
EXPRESS 2 than in EXPRESS (Table 4). No significant differences were 
observed in the HC z-score changes between the cohorts at either time 
point. 
The advancement of enteral fluid volume was more rapid in the 
EXPRESS 2 cohort than in the EXPRESS cohort (Table 4, Figure 14). In 
addition, breast milk fortification was initiated earlier and in higher 
amounts in the later cohort. Infants in EXPRESS 2 also exhibited less 
relative weight loss at nadir, reached their weight nadir earlier, and 
regained birth weight sooner than those in EXPRESS (Figure 16). 

 

 
Figure 16. Trends in enteral fortification and enteral fluid intakes during the 
first 28 postnatal days in the restricted EXPRESS and EXPRESS 2 cohorts and 
in the N-Forte trial. Solid lines represent daily mean values, and shaded areas 
indicate 95% confidence intervals for (A) total energy intake (kcal/kg/day) 
and (B) protein from enteral fortification (g/kg/day). 
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Advancement of enteral nutrition and the risk of NEC 
Logistic regression models were used to estimate crude and adjusted 
odds ratios for the initiation of breast milk fortification, amount of 
fortification (g/kg/day), average daily increase in enteral nutrition, and 
maximum enteral feeding volume during the first and second postnatal 
weeks. No associations were observed between feed advancement or the 
use of breast milk fortification and the risk of NEC in either crude or 
adjusted analyses.   

Prolonged FI: characteristics, nutrition and 
outcomes in the N-Forte trial (Study IV) 
Study IV was based on the N-Forte trial which comprised 228 EPT 
infants born at 22–28 weeks’ gestation across five healthcare regions in 
Sweden (Table 3, Figure 8). 
Prior to analysis, 16 infants with NEC were excluded, eight due to 
abdominal surgery, and five due to death before 30 postnatal days. After 
these exclusions, 199 infants (87.3%) remained eligible for the analysis. 
Among them, 28 of 199 infants (14%) met the criteria for prolonged FI 
without NEC or abdominal surgery. These infants were matched in a 1:2 
ratio with 56 control infants. Baseline characteristics were largely 
balanced between groups, where the largest effect of matching was for 
birth weight, birth weight z–score, and GA (Table 5, Figure 17, and 
Figure 18). 
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Figure 17. Love plot showing standardised mean differences for matching 
covariates between infants with prolonged FI without NEC or abdominal 
surgery and matched controls in the N-Forte trial (Study IV) before and after 
matching. Abbreviations: FI, feeding intolerance; IVH, intraventricular 
haemorrhage 
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Table 5. Perinatal characteristics, neonatal outcomes, nutrition practices, and 
growth among infants with prolonged FI without NEC or abdominal surgery 
and matched controls in the N-Forte trial. 
Characteristic Prolonged FI N = 281 Control N = 561 p-value2 

Perinatal Characteristics 

Gestational age, weeks 25.46 (1.31) 25.48 (1.62) >0.9 
Birth weight, g 713 (185) 720 (197) 0.9 
Prenatal corticosteroid treatment 20 (71%) 42 (75%) 0.7 
Cesarean delivery 17 (61%) 34 (61%) >0.9 
10-minute Apgar score 8 (7—9) 8 (7—10) 0.4 

Outcomes and Exposures 

Assignment to HMBF study arm 14 (50%) 29 (52%) 0.9 
Antibiotics, days 20 (12—29) 11 (6—21) 0.006 
CVC or periphery CVC, days 38 (30—51) 22 (15—37) <0.001 
Mechanical ventilation, days 7 (3—25) 4 (1—31) 0.4 
Sepsis 13 (46%) 16 (29%) 0.10 
Near NEC episode 19 (68%) 8 (14%) <0.001 
ROP stages 3–5 8 (29%) 16 (29%) >0.9 
BPD 19 (68%) 31 (55%) 0.3 
Death before discharge 1 (3.6%) 4 (7.1%) 0.7 

Nutrition and Growth Outcomes 

Time to reach full EN three days in a 
row, days 

22 (13—43) 10 (8—13) <0.001 

Passed birthweight, day 9 (7—11) 8 (5—9) 0.043 
First day of enteral fortification, (day) 9 (6—13) 7 (5—8) 0.004 
No. of stools/day 3.3 (0.8) 3.7 (0.9) 0.018 
First day passed stool 2 (1—3) 1 (0—2) 0.044 
Continuous enteral feeding 11 (39%) 16 (29%) 0.3 
Gastric residuals ≥100% of prefeed 
volume 

11 (39%) 22 (39%) >0.9 

Δ z-score weight, birth to PMA 34w -0.83 (1.21) -0.44 (1.07) 0.2 
Δ z-score length, birth to PMA 34w -1.35 (1.36) -1.30 (1.42) 0.9 
Δ z-score HC, birth to PMA 34w -0.96 (1.05) -0.91 (0.98) 0.8 
1Mean (SD); n (%); Median (Q1—Q3) 
2Welch Two Sample t-test; Fisher’s exact test; Pearson’s Chi-squared test; Wilcoxon rank sum test 

BPD, bronchopulmonary dysplasia; CVC, central venous catheter; EN, enteral nutrition; HC, head 
circumference; HMBF, human milk–based fortifier; IQR, interquartile range; NEC, necrotising enterocolitis; 
PMA, postmenstrual age; SD, standard deviation; ROP, Retinopathy of prematurity. 
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Figure 18. Density plots showing the distribution of selected matching 
covariates between infants with prolonged feeding intolerance (FI) without 
NEC or abdominal surgery and matched controls in the N-Forte trial (Study 
IV) before and after matching. 
Infants with prolonged FI had more cumulative days of antibiotic 
treatment (median 20 days vs 11 days, p=0.006) and more days with 
central venous catheter (CVC) use than the controls (median 38 days vs 
22 days, p<0.001) (Table 5). No difference in antibiotic exposure was 
observed during the first postnatal week between the groups but 
increased from postnatal day 10 onwards among infants with prolonged 
FI. Culture-proven sepsis did not differ significantly between the groups 
(46% vs 29%, p = 0.1). The type of fortifier (human milk-based or 
standard) did not affect the risk of prolonged FI.  
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NEC-like episodes occurred in 68% of infants with prolonged FI 
compared to 14% of controls (p < 0.001). The incidence of major 
neonatal morbidities, including respiratory distress syndrome, ROP 
stage 3–5, PVL, BPD, and death before discharge, did not differ between 
the groups (all p > 0.1) (Table 5). 
Nutritional milestones were delayed in infants with prolonged FI. Full 
enteral feeding (≥150 mL/kg/day) was achieved later than in the 
controls (median 22 vs 10 days, p < 0.001). The fortification of breast 
milk was also initiated later (Table 5). 
Fat was the only macronutrient for which infants with prolonged FI 
consistently had a lower intake than the controls. From birth to 34 weeks 
PMA, mean fat intake was 6.20 ± 1.18 g/kg/day in infants with 
prolonged FI and 7.55 ± 1.20 g/kg/day in controls (p < 0.001). 
Infants with prolonged FI had a lower mean number of stools per day. 
The use of continuous enteral feeding and the proportion of infants with 
gastric residuals ≥100% of the pre-feed volume did not differ between 
the groups (Table 5). 
Changes in anthropometric z-scores for weight, length, and HC from 
birth to 4 weeks’ PMA and from birth to 34 weeks PMA did not differ 
between infants with prolonged FI and controls (Table 5). 
Compared with the complete N-Forte trial, infants with prolonged FI did 
not differ in GA (mean 25.46 vs 25.86 weeks, p = 0.15), whereas birth 
weight was lower (713 vs 832 g, p = 0.004). Clinical outcomes showed a 
similar pattern to that observed in the matched analysis, with a longer 
duration of CVC use and antibiotic treatment among infants with 
prolonged FI, but no significant differences in major outcomes or growth 
trajectories. 

Cross-cohort comparison 
This cross-cohort comparison synthesises findings from the EXPRESS, 
EXPRESS 2, and N-Forte using harmonised definitions of prolonged FI. 
The comparisons were descriptive, and no formal statistical testing was 
performed. 

Cohort characteristics and NEC incidence and timing 
GA and birth weight were lowest in the EXPRESS 2 cohort (mean 24.92 
weeks and 718 g), whereas the highest mean values were observed in the 
N-Forte trial (25.63 weeks and 790 g) (Table 3). The median Apgar score 
at 5 min was 6 in EXPRESS 2 and 7 in both EXPRESS and N-Forte. For 
most major neonatal morbidities and for death before 40 weeks’ PMA, 
the proportions were numerically lower in N-Forte, with the exception of 
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PVL and NEC. The NEC incidence was 27/704 (3.8%) among liveborn 
infants in the EXPRESS cohort, 73/895 (8.2%) in EXPRESS 2, and 
17/228 (7.5%) among enrolled infants in the N-Forte trial (Table 3). 
In the N-Forte trial, all GI events suggestive of NEC triggered an “near-
NEC episode” and subsequent evaluation (Table 6). In total, 65 of 228 
infants (28.5%) had a near-NEC episode, of which 16 (24.6%) were 
diagnosed with NEC (Table 6). 
  
Table 6. Gastrointestinal diagnoses and surgical interventions among infants 
in the N-Forte trial who triggered one or more near-NEC episode. 

Characteristic N = 651 

Abdominal surgery 15 (23%) 
NEC Bell’s stages II-III 16 (25%) 
SIP 4 (6.2%) 
Meconium ileus 3 (4.6%) 
Volvulus 3 (4.6%) 
1n (%) 

NEC, necrotising enterocolitis; SIP, spontaneous intestinal perforation. 
 
 

The incidence of early NEC (0–7 days) and late NEC (>7 days) varied 
across cohorts. Infants in N-Forte had the lowest proportion of early 
NEC (2/228 [0.9%]) and the highest proportion of late NEC (15/228 
[6.6%]) (Table 3). Both EXPRESS 2 and N-Forte displayed a pattern of 
higher survival, accompanied by a greater proportion of NEC than 
EXPRESS (Figure 12). This pattern was most apparent at the lowest GA 
in N-Forte. 
Kaplan–Meier analyses censored for death showed an increase in NEC 
risk after postnatal day 7 in the EXPRESS 2 cohort compared with the 
EXPRESS and N-Forte (Figure 13). In N-Forte, NEC risk exceeded that 
of EXPRESS around postnatal day 22 and continued to increase 
thereafter but did not exceed the level observed in EXPRESS 2 by the 
end of the graph (postnatal day 50). 
A logistic regression model was used to evaluate early nutritional 
exposure as a potential risk factor for late NEC after 14 postnatal days in 
N-Forte ( 
Table 7). The model used the same covariates as in Study II and 
demonstrated no association between early enteral nutrition 
advancement and subsequent NEC risk in either the crude or adjusted 
analyses. 
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Table 7. Crude and adjusted odds ratios (ORs) for NEC occurring after 
postnatal day 14 in relation to enteral feeding–related risk factors in infants 
included in the N-Forte trial. Adjusted ORs were estimated using multivariable 
logistic regression models with the same prespecified covariates as in Study III 
(Methods section). Infants who died or developed NEC within 14 postnatal 
days were excluded from the analyses. 
Characteristic N NEC, n Crude OR 

(95% CI) 
Adjusted OR 

(95% CI) 
p-

value 

Enteral fortification started <15d of age 220 13 0.67 (0.12 - 
12.8) 

3.84 (0.42 - 
104)1 

0.3 

Amount of fortification day 1-14 (gram 
protein/kg) 

220 13 0.98 (0.88 - 
1.07) 

1.03 (0.93 - 
1.14) 

0.5 

Average increase of enteral nutrition to 
day 14, ml/kg/d 

220 13 0.93 (0.81 - 
1.09) 

1.03 (0.86 - 
1.28) 

0.8 

Highest volume of enteral nutrition 
<14d of age, ml/kg/d 

220 13 1.0 (0.98 - 
1.01) 

1.01 (0.99 - 
1.03) 

0.3 

1Wide confidence intervals reflect limited precision owing to the few NEC cases. 

NEC, necrotising enterocolitis; OR, odds ratio 

 

Prolonged FI across cohorts 
The incidence of prolonged FI without NEC, using the harmonised 
definition, was 98/332 (29.5%) in the reduced EXPRESS cohort, 68/483 
(14.1%) in the reduced EXPRESS 2 cohort, and 35/228 (15.4%) in N-
Forte (Table 8). GA was approximately 25 weeks across all cohorts, and 
the mean birth weight ranged from 721 to 764 g. Most neonatal 
morbidities were numerically less frequent in the N-Forte trial, with the 
exception of BPD, which had the lowest incidence in the EXPRESS 
cohort (48/98 (56%)). Among the infants with prolonged FI, sepsis 
occurred in 68/98 (69%) in EXPRESS, 34/68 (50%) in EXPRESS 2, and 
19/35 (54%) in N-Forte. 
Infants with prolonged FI required more than 20 days to achieve full 
enteral nutrition in all cohorts. The median times to reach full enteral 
feeding were 34, 27, and 21 days in EXPRESS, EXPRESS 2, and N-Forte, 
respectively. The mean change in weight z-score from birth to four 
postnatal weeks was −2.25 in EXPRESS, −1.57 in EXPRESS 2, and −1.44 
in N-Forte. 
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Table 8. Perinatal characteristics, neonatal outcomes, nutrition practices, and 
growth among infants with prolonged feeding intolerans (FI) without NEC in 
the restricted EXPRESS and EXPRESS 2 cohorts and in the N-Forte trial. 
Characteristic EXPRESS  

N = 981,2 
EXPRESS 2  
N = 681,2 

N-Forte  
N = 351,2 

Perinatal Characteristics 

Gestational age, weeks 25.25 (1.02) 24.92 (1.22) 25.36 (1.36) 
Birth weight, g 764 (164) 712 (141) 721 (196) 
Small for gestational age 13 (13%) 11 (16%) 8 (23%) 
Male 56 (57%) 32 (47%) 19 (54%) 
Prenatal corticosteroid treatment 82 (93%) 56 (86%) 25 (71%) 
Cesarean delivery 47 (48%) 35 (51%) 22 (63%) 
Apgar score at 5 min 7 (6, 9) 6.00 (5, 7.5) 6.00 (4, 7) 

Outcomes and Exposures 

Mechanical ventilation, days 17 (5, 27) 19 (11, 30) 9 (4, 29) 
BPD 48 (56%) 49 (72%) 25 (71%) 
ROP stages 3–5 46 (47%) 33 (49%) 11 (31%) 
Sepsis 68 (69%) 34 (50%) 19 (54%) 
Death <40 weeks PMA 4 (4.1%) 0 (0%) 2 (5.7%) 

Nutrition and Growth Outcomes 

Time to reach full EN three days in a row, 
days 

34 (24, 45) 27 (22, 34) 21 (13, 41) 

Weight nadir (day) 4 (2, 6) 3 (2, 4) 4 (3, 4) 
Average increase of enteral nutrition to day 
8, ml/kg/d 

2.4 (1.3, 5.6) 6.4 (3.7, 11.9) 10.5 (6.4, 
16.6) 

Average increase of enteral nutrition to day 
14, ml/kg/d 

2.7 (1.3, 5.4) 4.8 (2.0, 7.0) 7.0 (3.6, 11.7) 

Enteral fortification started <15d of age 9 (9.2%) 37 (54%) 27 (77%) 
First day of enteral fortification, (day) 20 (6) 13 (7) 11 (9) 
Amount of fortification day 1-14 (gram 
protein/kg) 

0.23 (0.82) 2.54 (3.37) 4.24 (4.60) 

Δ z-score weight, birth to 4 week -2.25 (0.81) -1.57 (0.78) -1.44 (0.73) 
Δ z-score length, birth to 4 week -2.15 (0.90) -2.14 (0.91) -1.85 (1.26) 
Δ z-score HC, birth to 4 week -1.67 (0.60) -1.51 (0.61) -1.35 (0.49) 
1Mean (SD); n (%); Median (Q1, Q3) 
2The definition of prolonged feeding intolerance differs from that used in Study IV. In the present analysis, 
infants undergoing abdominal surgery other than NEC and days following sepsis onset were not excluded 
prior to the classification of prolonged feeding intolerance. 
BPD, bronchopulmonary dysplasia; EN, enteral nutrition; HC, head circumference; IQR, interquartile range; 
PMA, postmenstrual age; SD, standard deviation; ROP, Retinopathy of prematurity. 
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Nutrition practice and growth 
In the N-Forte, the average increase in enteral nutrition up to postnatal 
day 14 was 11.7 mL/kg/day, compared with 10.0 mL/kg/day in 
EXPRESS 2. Fortification was initiated earlier in N-Forte (mean 
postnatal day 7 vs day 11 in EXPRESS 2), and the cumulative amount of 
enteral fortification administered during the first 14 postnatal days was 
greater (8.8 vs 4.0 g protein/kg) (Table 4, Figure 14, and Figure 16). All 
measurements of feeding advancement were lower in the EXPRESS 
cohort than in the other two cohorts. 
Infants in the N-Forte received higher enteral intake of all 
macronutrients during the first two postnatal weeks compared with 
EXPRESS 2. When total intake (enteral plus parenteral) was considered, 
the only difference was observed in fat intake, which was accompanied 
by a higher total energy intake during the first two postnatal weeks 
(Figure 15 and Figure 16). Total fluid intake differed only marginally 
between the N-Forte and EXPRESS 2. The EXPRESS cohort had lower 
intakes of macronutrients and total fluids than both later cohorts. 
The growth trajectories for weight, length, and HC during the first 28 
postnatal days were similar in the N-Forte and EXPRESS 2, whereas 
decreases in weight and length z-scores were more pronounced in the 
EXPRESS cohort (Figure 15). 
From birth to 34 weeks' PMA, reductions in anthropometric z-scores 
were smaller in N-Forte than in EXPRESS 2 and EXPRESS (Table 4). 
The mean change in weight z-score was −1.60 in N-Forte, −1.88 in 
EXPRESS 2, and −2.47 in EXPRESS. The corresponding changes in the 
length z-scores were −2.91, −3.31, and −3.71, respectively. For HC, the 
mean change was −1.51 in N-Forte, −1.89 in EXPRESS 2, and −1.58 in 
EXPRESS. 

Missingness and interpolation  
The EXPRESS cohorts and N-Forte had minimal missing data for 
nutritional registrations, assessed as enteral fluid intakes (mL/kg/day) 
prior to interpolation, whereas approximately 20% of enteral fluid 
intakes data were missing in the EXPRESS 2 (Figure 19). Before 
interpolation, weight was recorded on approximately 50% of postnatal 
days in EXPRESS, 38% in EXPRESS 2, and 24% in N-Forte. Length and 
HC were missing for approximately 80% of postnatal days across all 
cohorts. 
Interpolation was applied to all cohorts. After interpolation, missingness 
decreased to approximately 25% for weight and HC, to less than 50% for 



 

55 

length in EXPRESS, to 10–25% across variables in EXPRESS 2 and 
remained minimal in N-Forte (Figure 19). 

 

 
Figure 19. Percentage of missing data until postnatal day 30 for length, head 
circumference, weight, and enteral fluid intake before and after interpolation 
in the restricted EXPRESS and EXPRESS 2 cohorts and the N-Forte. The upper 
panels show the missingness prior to interpolation, and the lower panels show 
the missingness after interpolation. 
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Discussion 

Principal findings 
The principal findings of this thesis relate to three interrelated areas of 
intestinal disease and nutritional management in EPT infants: 
epidemiology and diagnosis of NEC, occurrence of prolonged FI, and 
evolution of early nutritional practices over time. 
Firstly, despite rigorous validation of NEC diagnoses in both the 
EXPRESS cohort and the subsequent EXPRESS 2 cohort, the incidence 
of NEC in Sweden more than doubled over a ten-year period. This 
substantial increase was primarily explained by improved survival 
among the most immature infants, particularly those born before 24 
weeks’ gestation. Importantly, there was an increase in late-onset NEC 
(>7 postnatal days) incidence, whereas the incidence of early onset NEC 
(0–7 postnatal days) remained unchanged. Moreover, early and late 
NEC demonstrated distinct risk factor profiles, supporting the concept 
that they may represent partially different clinical entities. 
Secondly, the validation process in both cohorts further demonstrated 
that NEC diagnoses in population-based datasets are prone to over- and 
underestimation. A considerable proportion of cases were reclassified 
following a detailed review, underscoring the importance of systematic 
validation when evaluating temporal trends or inter-cohort comparisons 
in NEC incidence. 
Thirdly, nutritional management evolved substantially between the two 
EXPRESS cohorts. Compared with the EXPRESS cohort, infants in 
EXPRESS 2 received more proactive enteral nutrition, including faster 
feeding advancement and earlier enteral fortification. These changes 
were associated with significantly improved postnatal weight and length 
growth without evidence of an increased risk of NEC. 
Fourthly, within the N-Forte, approximately one in seven EPT infants 
met the criteria for prolonged FI. Prolonged FI was associated with 
increased exposure to CVC and antibiotics, without a significant increase 
in culture-proven sepsis. Using a novel longitudinal definition based 
solely on sustained enteral intake patterns rather than fluctuating 
clinical signs, prolonged FI appeared to represent a distinct GI condition 
with its own phenotype and risk profile, rather than merely reflecting 
immaturity or transient feeding difficulties. 
Collectively, these findings highlight the complexity of NEC 
epidemiology in the context of improving survival and evolving 
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nutritional strategies, and they identify prolonged FI as an important 
and clinically relevant entity in EPT care. 

NEC diagnosis and incidence 
The importance of diagnostic validation 
Both EXPRESS cohorts underwent systematic validation of NEC 
diagnoses. Nevertheless, the second validation performed in Studies I 
and II demonstrated substantial misclassification, and both over- and 
underestimation were identified. 
Data from the EXPRESS cohort were prospectively collected, whereas 
EXPRESS 2 primarily relied on entries in the SNQ registry. Despite this, 
there was a lower rate of misclassification in EXPRESS 2 which may 
reflect improvements in diagnostic discrimination between NEC and 
other GI conditions, such as SIP. SIP has increasingly been recognised as 
a distinct entity over the past decade (68,160,161) and differs from NEC 
in both pathogenesis and clinical outcome (76). 
These findings underscore the persistent risk of misclassification 
between NEC and SIP diagnoses in registries. A Danish validation study 
of routine diagnoses of NEC reported a sensitivity of 0.72 when SIP was 
distinguished from NEC (161). This finding has been emphasised by 
others (69,78). 
We found that approximately 30% of confirmed NEC diagnoses had no 
positive finding on abdominal X-ray or ultrasound, consistent with 
previously reported numbers (71,162,163). This high proportion of 
negative X-ray findings suggests that the radiological criterion of Bell’s 
stage II may be too restrictive for EPT infants and results in a loss of 
sensitivity. A Swedish study based on NEC diagnoses in the SNQ registry 
arrived at the same conclusion (70). The study demonstrated that EPT 
infants were less likely to express intramural gas on abdominal X-rays 
than infants born at ≥28 weeks’ gestation and were more likely to 
express a gasless abdomen in surgical cases. 
A straightforward solution to this issue is to rely solely on NEC diagnoses 
confirmed through laparoscopy, histology, or autopsy, as employed in a 
comprehensive population surveillance study in the United Kingdom 
(95). However, a clear disadvantage of this restrictive method is the loss 
of sensitivity (68), as indicated by our data. 
Taken together, the reduction in NEC incidence following validation in 
both EXPRESS cohorts demonstrated that the reported NEC rates were 
sensitive to the diagnostic criteria applied and the methods used. These 
findings also highlight the limitations of Bell’s criteria when applied to 
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EPT infants, in whom clinical and radiological manifestations are often 
less specific and may overlap with other GI conditions. 
Notably, the NEC incidence observed in the N-Forte was 7.5%, where 
diagnoses were established through a prospective, rigorously 
standardised, and blinded process, which was comparable to that 
observed in the validated EXPRESS 2 cohort (148). This concordance 
strengthens the post-validation NEC incidence in EXPRESS 2 and 
supports the interpretation that the increase in NEC incidence in the 
later cohort reflects genuine epidemiological changes. 

Factors underlying the increased incidence of late NEC 
After NEC validation, the NEC incidence in EXPRESS 2 was 8.2%, which 
was more than twice that observed in the EXPRESS cohort (3.8%). 
Although this represents a substantial increase, the incidence remains 
within the range reported in comparable international cohorts. 
In a large United States cohort study of EPT infants, including 10877 
infants, the incidence of NEC was 8.9%. In the English EPICure cohort 
from 2006, the incidence of surgical NEC among survivors was 8% 
(5,164). A Norwegian cohort from 2013-2014, comparable to the 
EXPRESS cohorts, reported a NEC incidence of 5.4% among liveborn 
infants (165). 
Our primary hypothesis was that the increased survival of most preterm 
infants drove the increase in NEC incidence. In the multivariable Cox 
regression model, infants born in EXPRESS 2 had a higher HAZARD 
RATIO for late NEC (≥7 days), even after censoring for mortality. 
However, propensity score analysis showed that the increase in NEC 
incidence was limited to the high-risk group with the lowest GA. 
Furthermore, mortality in the high-risk group was significantly lower in 
EXPRESS 2, and the overall risk of the composite outcome NEC or death 
was lower in the EXPRESS 2 cohort than in the EXPRESS cohort. 
Together, these findings support the interpretation that the increased 
survival of the most immature infants contributes to the increased NEC 
incidence. 
Lower GA was significantly associated with an increased risk of NEC in 
the univariate analysis but was not independently associated with either 
early- or late-onset NEC in the multivariable models. A possible 
explanation for this finding is a statistical type II error due to limited 
power, particularly after stratifying NEC diagnoses according to the 
timing of onset. 
Low GA is the strongest risk factor for NEC, and NEC incidence usually 
remains invariable over time in populations with unchanged mean GA 
(166). However, the trends are not uniform. Two recent United States 
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multicentre cohort studies of EPT infants found lower NEC rates over 
time despite increased survival (17,60). Improved neonatal care and 
increased use of breast milk feeding instead of formula have been 
proposed as possible explanations (60). 
It can be hypothesised that the follow-up reports from the EXPRESS 
cohort (53) shifted the attitude towards more proactive care of infants 
born before 24 weeks’ gestation, even before a formal consensus was 
reached over treatment policies for infants born at viability limits (32). 
An increase in the survival of preterm infants has been shown to increase 
the incidence of NEC (50), and a Dutch cohort study described an 
increase in NEC incidence from 6.4% to 16% after implementing a new 
guideline for active treatment management of EPT infants (167). 
In Sweden, practices during the NICU stay have changed gradually 
between 2004-2007 and 2014-2016. However, key factors known to 
substantially influence morbidity and NEC risk have not changed 
(93,99). The rate of antenatal steroid treatment was consistently high; 
infants were routinely fed mothers own breastmilk or donor breastmilk, 
and formula was rarely introduced before 34 weeks PMA (117,168). In 
addition, neither probiotics nor human milk-based fortifiers were used 
for NEC prevention in Sweden during this period (169). 
Diagnostic accuracy for NEC improved in EXPRESS 2 vs EXPRESS, 
which may contribute to the higher NEC incidence in EXPRESS 2. 
Among NEC infants, positive X-ray, ultrasound, and biopsy findings 
were more frequent in the EXPRESS 2 vs EXPRESS cohort. Abdominal 
ultrasound can detect necrotic GI loops and is a valuable tool for 
diagnosing NEC in EPT infants (170,171). Ultrasound was seldom or 
never used for NEC diagnosis in the EXPRESS cohort but was more 
commonly used in EXPRESS 2 and may have contributed to improved 
diagnostic sensitivity. 
Another potential yet unexplored factor explaining the increase in late 
NEC is the variation in antibiotic policies over time. The association 
between antibiotic exposure and NEC risk appears to depend on 
postnatal age (131–134). However, because detailed data on antibiotic 
exposure were unavailable in our datasets, this hypothesis could not be 
examined. 
In conclusion, the increase in NEC incidence observed in EXPRESS 2 
was primarily driven by late NEC (≥7 days) among the most immature 
infants, plausibly reflecting improved survival. However, alternative 
explanations, including improved diagnosis and potential changes in 
antibiotic exposure, cannot be excluded. These considerations motivated 
Study III, which explored whether early enteral nutritional practices 
were associated with late NEC (≥7 days). 
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What is the difference between early and late NEC? 
In the survival analysis, a marked increase in NEC risk was observed in 
the second EXPRESS cohort after the seventh postnatal day. Based on 
this finding, postnatal day seven was selected as the threshold for 
distinguishing between early- and late-onset NEC in Studies II and III. 
In contrast, several other observational studies investigating differences 
between early and late NEC have used 14 postnatal days as the dividing 
point (94,160,172). One possible explanation for our identification of an 
earlier threshold is that our cohorts consisted exclusively of EPT infants, 
whereas other studies included both EPT and very preterm infants (<32 
weeks’ GA). The narrower GA range in our study population may have 
influenced the temporal pattern of NEC onset. 
Low GA is a well-established risk factor for NEC (17,71,173); however, 
the relationship between GA and the timing of disease onset appears less 
consistent. A Canadian population-based cohort study reported an 
association between higher GA and an increased risk of early-onset NEC 
(<14 days) (94), whereas others have described a non-linear association, 
with earlier NEC onset observed among more immature infants 
(94,174,175). In contrast, a systematic review of 188 RCTs and 
observational studies found no clear association between GA and the 
timing of NEC onset in very preterm infants (176).  
In addition to GA, the perinatal risk factors for early and late NEC 
differed in Study II. Previous observational studies have associated poor 
neonatal transition and low Apgar scores with NEC and mortality in EPT 
infants (87,177–180). However, findings have been inconsistent for NEC, 
and causality has been difficult to prove (177). 
The increased risk of NEC after the seventh postnatal day, together with 
the differing risk factor profiles for early and late NEC, suggests that 
these entities may represent distinct patterns of vulnerability and 
potentially different underlying pathophysiological mechanisms. This 
hypothesis has also been proposed by other researchers (181,182). 
However, the evidence remains inconclusive. In a comprehensive case 
study of very preterm infants performed in England, early NEC (<14 
days) did not differ from later-onset NEC in terms of clinical 
presentation, surgical findings, histopathology, or outcomes, suggesting 
that early and late NEC cases may not represent distinct subtypes (172). 
Taken together, our findings suggest that early and late NEC may differ 
in the associated risk profiles of EPT infants. Whether these differences 
reflect true pathophysiological divergence or temporal variations within 
a common disease process requires further investigation. 
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Did improved nutrition increase NEC risk? 
Study III demonstrated a marked improvement in nutritional provision 
in the EXPRESS 2 compared with EXPRESS, reaching macronutrient 
intake levels more consistent with the ESPGHAN guidelines (44,183). 
Previous analyses of the EXPRESS cohort showed that enteral and 
parenteral nutrient intakes were considerably below the recommended 
targets, and that insufficient energy and protein supplies were associated 
with postnatal growth restriction in these EPT infants (53). These 
observations prompted several national and regional quality 
improvement initiatives aimed at optimising nutritional practices 
(54,55), which may explain the observed improvement. 
As a likely consequence of improved nutritional provision, both weight 
and length growth were enhanced in EXPRESS 2 compared to the 
EXPRESS cohort. Adequate energy and protein intake are essential for 
achieving symmetrical gains in weight and length according to guidelines 
(43,44), and this has also been confirmed in RCTs (184,185). 
Furthermore, in a Swedish cohort of EPT infants, there was an 
association between early energy intake and the risk of BPD and ROP 
(11), while analyses from the EXPRESS cohort demonstrated an 
independent association between fat and protein intake and postnatal 
growth, as well as between energy intake and risk of ROP (39,48). Taken 
together, these findings of improvements in early growth may have 
contributed to the reduction in major neonatal morbidities reported in 
EXPRESS 2 (4). 
We observed no association between the rate of enteral feeding 
advancement or extent of enteral fortification and late NEC risk. 
Historically, there has been concerns that the rapid advancement of 
enteral feeds might increase the risk of NEC (186,187). However, 
contemporary evidence is consistent with our findings. Two Cochrane 
reviews concluded that neither faster advancement nor delayed 
introduction of enteral feeding is associated with an increased risk of 
NEC (124,126). A large RCT that contributed substantially to the meta-
analysis is the SIFT trial. The trial compared 18 vs 30 ml/kg/d 
advancement of enteral feeds in infants born before 32 weeks’ gestation 
or had a birthweight of less than 1500g, and reported no difference in 
NEC incidence (141). 
For the fortification of human milk, the available evidence is less robust. 
A systematic review comparing early vs delayed fortification in preterm 
infants identified only two studies comprising a total of 171 participants 
(128). The review found no significant impact on early vs delayed 
fortification. However, because of data limitations, it could not 
determine the optimal timing to start fortification (128). Similarly, a 
Cochrane report including 18 studies could not provide evidence on the 
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harms or benefits of breast milk fortification on NEC risk because of the 
low quality of the included studies (188). 
Overall, more rapid advancement of enteral feeds and implementation of 
breast milk fortification earlier seem to be safe for this population of EPT 
infants. These findings suggest that changes in enteral nutrition 
practices are unlikely to explain the increase in late NEC (>7d) incidence 
observed in the EXPRESS 2 cohort. In contrast, more proactive nutrition 
is likely beneficial, as reflected by improved growth. 

Infants with difficulties to achieve full enteral 
feeding 
The definition of prolonged FI  
In Study IV, we aimed to characterise the subgroup of infants who 
experienced persistent difficulty in achieving full enteral feeding and 
therefore remained dependent on parenteral nutrition for a prolonged 
period. We considered that the existing definitions of FI did not 
adequately capture the essence of this clinically relevant group, as most 
definitions focus on transient GI symptoms or the time required to reach 
specific nutritional milestones (143,144). Consequently, we developed a 
novel definition of FI based on a longitudinal assessment of enteral 
feeding performance over an extended timeframe. 
In a systematic review of FI definitions in preterm infants, Weeks et al. 
emphasised that future definitions should be sensitive, specific, valid, 
safe, reliable, and practical (143). Our definition of prolonged FI was 
based exclusively on objective nutritional criteria: the longitudinal ratio 
of enteral-to-parenteral energy intake and a binary indicator of breast 
milk fortification. In a concept analysis of FI in preterm infants, More et 
al. categorised FI definitions into two principal groups: FI as a specific 
complication and FI as a specific outcome (144). Our definition aligns 
with this latter category. 
By relying on quantifiable feeding performance, our approach fulfilled 
several of the proposed requirements. It is sensitive in that it identifies 
infants with the core clinical problem of prolonged inability to achieve 
full enteral feeding. Because the definition is based on reproducible 
intake data, it is consistent and reliable, yielding the same classification 
when applied to the same dataset. 
One practical limitation is that the definition requires high-resolution 
nutritional data, which have historically been difficult and labour-
intensive to obtain. However, with modern electronic medical record 
systems in NICUs that systematically record fluid and nutrient 
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administration, this challenge has become primarily technical by 
integrating the recorded intake with nutrient composition data. 
The main limitation of the definition of prolonged FI is its specificity. 
Although infants with NEC, abdominal surgery, and early death were 
excluded from the cohort, it remains plausible that the definition 
captures a heterogeneous group of underlying conditions that manifest 
as a sustained inability to tolerate enteral feeding. 
The incidence of prolonged FI was 14% after exclusion, which is within 
the range of previously reported estimates, where FI has been described 
in 15–30% of preterm infants (143). Data on EPT infants are more 
limited. However, a recent retrospective review of the medical records of 
133 EPT infants reported an FI incidence of 58% when a symptom-based 
definition was used (189). The considerable variability in FI incidence 
between studies likely reflects differences in the definitions and GA of 
the study populations. 

What are the clinical implications of prolonged FI? 
Infants with prolonged FI had a non-significantly lower GA, significantly 
lower birth weight, and birth weight z-score than the remainder of the 
cohort after exclusion. This is consistent with the literature, where low 
GA is strongly associated with FI (36,146,190). For example, in a Chinese 
cohort of 625 infants born at 23–30 weeks’ gestation, adverse feeding 
patterns were observed in 49% of infants born at 23–26 weeks compared 
with 17% among those born at 29–30 weeks (190). 
Nutritional and growth targets were achieved more slowly in infants with 
prolonged FI than in matched controls. Delayed attainment of feeding 
goals has also been reported in other observational studies of FI and is 
sometimes incorporated into the definition of FI (143,190–192). 
Despite this early delay in weight gain, we did not observe a significant 
difference in the weight z-score at four postnatal weeks or at 34 weeks 
PMA. However, the absence of statistically significant differences in 
growth may reflect a type II error, as weight growth trajectories began to 
diverge after postnatal day 20, coinciding with a widening CI. This 
finding contrasts with previous studies in which FI was negatively 
associated with postnatal growth (146,190,193). This adverse effect on 
growth may last until discharge in EPT infants with FI. For example, 
Soffer et al. reported lower weight z-scores in infants who developed FI 
compared with those without FI (−2.55 vs −1.87), although the 
difference did not reach statistical significance (p = 0.074) (189). 
The absence of growth differences can also reflect effective compensation 
through parenteral nutrition, as the total macronutrient intake was 
largely comparable between the groups. However, fat intake was higher 



 

65 

in the controls and may partly reflect the composition of the fortifier 
used, which was relatively rich in fat (148). Importantly, the fat intake in 
both groups remained within the range recommended by the ESPGHAN 
(44). 
In our cohort, prolonged FI was not associated with an increased 
incidence of major neonatal morbidities. Together with the greater use of 
CVC among infants with prolonged FI, this supports the notion that 
insufficient enteral intake is largely compensated for by parenteral 
nutrition. 
Although culture-proven sepsis was not significantly more common 
among infants with prolonged FI, the number of antibiotic treatment 
days was nearly doubled compared to that in the controls. Previous 
studies have reported similar associations between antibiotic exposure, 
FI, and prolonged dependence on parenteral nutrition (66,194). For 
example, in a cohort of 901 infants with birth weights between 500 g and 
1499 g, early empiric antibiotic exposure was associated with a 50% 
increase in parenteral nutrition duration (194). However, early antibiotic 
exposure did not differ between the groups in our cohort. 
Causal inference remains difficult; increased antibiotic use may have 
been a consequence of greater central-line exposure, or alternatively, 
prolonged antibiotic treatment may have contributed to FI through 
disruption of the intestinal microbiome. 

Is prolonged FI a precursor of NEC? 
Near-NEC events were more frequently observed among infants with 
prolonged FI. However, all confirmed NEC diagnoses were excluded 
from the analysis; therefore, none of these episodes fulfilled the 
diagnostic criteria for NEC. 
As the clinical manifestations of FI may overlap with the early signs of 
NEC, it is possible that some of these events were managed clinically as 
suspected early NEC (66,143,195,196). Nevertheless, as all confirmed 
NEC diagnoses were excluded from the analysis, we were unable to 
formally assess any temporal or causal association between prolonged FI 
and the subsequent risk of NEC. 
Notably, only 17 infants in the N-Forte trial developed NEC, whereas 28 
infants met the criteria for prolonged FI after exclusion (197). This 
numerical discrepancy suggests that most prolonged FI cases do not 
progress to NEC. This interpretation is consistent with the existing 
literature, in which FI is generally regarded as a distinct clinical entity 
with a different pathophysiology and management approach than NEC 
(143,189).   
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Taken together, prolonged FI appears to represent a recognisable clinical 
disease with its own phenotype and characteristic early features, rather 
than merely a consequence of prematurity. Although sustained 
limitations in enteral intake may pose nutritional challenges, these can 
be effectively compensated for with parenteral nutrition, thereby 
preserving growth and minimising the risk of major neonatal 
morbidities. However, prolonged reliance on parenteral nutrition may 
contribute to the observed increase in antibiotic use.  

Cross cohort comparison  
The trial setting vs population cohort inherently limits comparability, 
and cross-cohort comparisons should be interpreted with caution.  
The two EXPRESS cohorts included all liveborn infants born before GA 
27 weeks during two three-year periods in Sweden, whereas the N-Forte 
trial included only infants born before 28 weeks’ gestation who survived 
to postnatal day three and met specific inclusion and exclusion criteria. 
Accordingly, infants in the EXPRESS cohorts were generally more 
immature, with higher mortality and morbidities. 
Enteral feeding and fortification advanced faster in N-Forte than in 
EXPRESS 2. This is likely explained by a change in nutritional guidelines 
(44,183), and the use of protocol-driven feeding in clinical trial setting. 
However, differences in cohort composition may also contribute to a 
faster advancement of feeds. 
Total fluid and protein intakes were comparable between cohorts, 
whereas fat and total energy intakes were higher in N-Forte. Despite 
these differences in fat intake, the growth trajectories were similar 
between the two cohorts. This finding is supported by that of Alm et al.  
(198), who observed that higher fat and calorie intakes were not 
associated with increased weight gain. 
No association was observed between feeding advancement or breast 
milk fortification and late NEC risk (≥ 14 days) in N-Forte. These 
findings further reinforce the conclusions of Study III, indicating that 
rapid advancement of enteral feeds and early fortification appear to be 
safe in EPT infants. 
The incidence of NEC was slightly lower in N-Forte than in the 
EXPRESS 2 cohort. When stratified by GA, a similar pattern emerged in 
the N-Forte as in the comparison between the two EXPRESS cohorts; 
increased survival at the lowest GA was accompanied by a higher NEC 
incidence. 
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The incidence of prolonged FI was similar in the N-Forte and EXPRESS 
2, supporting the robustness of this definition across different study 
settings. 
In conclusion, differences in cohort composition likely contributed to 
variations in baseline characteristics, enteral feeding advancement, and 
the risk of NEC. The absence of an association between enteral feeding-
related risk factors and late NEC (≥14 days) in N-Forte further 
strengthens the findings of Study III.  

Strengths  
The major strengths of this thesis include its population-based design, 
rigorous validation of NEC diagnoses, and high-resolution longitudinal 
nutritional data. Key limitations include limited statistical power due to 
the low incidence of NEC, potential residual confounding, and the 
absence of a universally accepted definition of prolonged FI. 
Nevertheless, the consistency of the findings across cohorts strengthens 
the overall validity of the conclusions. 

Study design and data quality 
The EXPRESS and EXPRESS 2 cohorts used in Study I-III were 
population-based and included all liveborn infants born before 27 
completed weeks’ gestation in Sweden during two defined three-year 
periods. The use of national cohorts minimises the risk of selection bias 
and enhances external validity. It also facilitates meaningful 
comparisons and validation with other national cohorts. 
Data collection in the EXPRESS cohort was conducted prospectively, 
whereas EXPRESS 2 was primarily registry-based. In both cohorts, the 
outcome variables were systematically cross-checked against the medical 
records, which reduced the risk of misclassification and missing data. 
Overall, both cohorts demonstrated minimal missingness in perinatal 
background characteristics and major outcome variables. 
The N-Forte trial was conducted in accordance with the Good Clinical 
Practice (GCP) guidelines and included detailed monitoring of each 
participating infant. This rigorous trial framework resulted in the highest 
data resolution and lowest degree of missing data among the three 
included cohorts. 
In addition, compared with previously published EXPRESS studies, a 
particular effort was made in the present thesis to identify and remove 
duplicate records, thereby further improving data quality and cohort 
integrity. 
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NEC diagnoses were rigorously and independently validated in all 
studies. This process strengthens the internal validity of the reported 
NEC diagnosis and incidence. 
All studies applied a uniform NEC definition based on Bell’s stage ≥ II 
(22,63), ensuring consistency across the analyses and external validation 
of NEC incidence. 
Daily nutritional intake and growth data were documented for all 
cohorts. The Nutrium software’s comprehensive nutrient database 
facilitated a detailed calculation of macronutrient intake, resulting in a 
high-resolution nutritional dataset. 
The use of identical growth references across cohorts, together with the 
application of the same interpolation strategy in the EXPRESS cohorts, 
enhanced methodological consistency and comparability between 
cohorts. 

Statistical methods 
The use of time-to-event analysis in Study II strengthened the validity of 
NEC risk estimation. Competing risks were handled appropriately by 
applying survival analysis methods and censoring for death. In addition, 
the stratification of infants with NEC into early- and late-onset groups 
ensured that the proportional hazard assumption was not violated, 
thereby improving the accuracy and interpretability of hazard estimates. 
The objective definition of prolonged FI improves reproducibility, 
reduces reliance on subjective clinical signs, and facilitates cross-cohort 
comparisons. 
Finally, the strict use of a code-based statistical workflow in R minimised 
the risk of manual handling. The code analytical approach improved the 
transparency, reproducibility, and traceability of all statistical 
procedures.  

Limitations 
Statistical power 
A recurring challenge in NEC research is the limited statistical power, as 
NEC is a relatively rare condition occurring within a small and highly 
specific population, particularly among EPT infants. 
Although both EXPRESS cohorts were population-based and together 
included births over a total of six years, the number of NEC cases 
remained limited. Consequently, these studies were not sufficiently 
powered to evaluate all potential risk factors associated with NEC. This 
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limitation became even more pronounced after stratification into early 
and late NEC cases in Studies II and III, respectively. 
In Study III, the effective sample size was additionally reduced owing to 
the incomplete regional availability of detailed nutritional data. This 
further increases the risk of insufficient power and the possibility of a 
type II error. 
A similar limitation was observed in Study IV. Although conducted as a 
multicentre study over more than two years, the total cohort consisted of 
228 infants, and the subgroup classified with prolonged FI was relatively 
small. As a result, the study may have been underpowered to detect 
modest differences in clinical outcomes. This may particularly apply to 
growth outcomes, where the difference in weight gain between cases and 
matched controls was substantial but did not reach statistical 
significance. 

NEC validation and data limitations 
In the EXPRESS cohort, all NEC cases were independently validated by 
two neonatologists using a structured review process. In contrast, 
validation in the EXPRESS 2 cohort was performed by multiple 
reviewers at the participating study centres. Although standardised 
criteria were applied, this approach may have introduced a greater risk 
of interobserver variability in the second cohort. 
Retrospective reconstruction of a pathological intestinal event from 
medical records also carries the risk of misclassification. Clinical 
documentation was incomplete in some cases. This limitation is 
illustrated by the reclassification of one infant originally classified as 
non-NEC in the EXPRESS cohort, who was subsequently reclassified as 
NEC during the harmonised validation in Study II. 
Furthermore, the enteral feeding reduction criterion used in Study I to 
identify potentially missed NEC cases could not be applied in Study II 
because of incomplete nutritional data in EXPRESS 2. As a result, a 
small degree of underestimation of NEC incidence in the second cohort 
cannot be excluded. 
NEC was classified according to Bell’s modified staging criteria in all 
studies. However, Bell’s criteria were developed for more mature 
preterm infants in different clinical eras. The use of a more 
contemporary definition specifically adapted for EPT infants may have 
improved both the sensitivity and specificity of NEC diagnosis, as 
suggested by the age-specific case definition for NEC by Battersby et al. 
(71). 
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In EXPRESS 2, nutritional data from two of the four healthcare regions 
included were not originally collected and were not validated against 
medical records. This introduces the risk that the recorded data reflect 
prescribed rather than actual energy- and nutrient intake. 
In Study III, two of the six healthcare regions were excluded because of 
the incomplete availability of detailed nutritional data. As nutritional 
practices and feeding policies may vary between regions, this exclusion 
may have introduced selection bias and reduced the generalisability of 
the findings. 
Interpolation was applied to the nutritional and growth data to address 
intermittent missing values, and smoothing techniques were used for 
graphical presentation. These approaches may introduce the risk of 
attenuating short-term variability and masking small fluctuations in 
food intake or growth. However, this risk is likely limited, given the 
aggregation of data over longer time intervals. In addition, extrapolation 
using the last observation carried forward was applied to protein intake 
from fortification in the EXPRESS 2 cohort. This method may introduce 
bias if the intake patterns change during the extrapolation period. 
However, the extrapolated period is very short, and thus, the risk is low. 

Cofounding and unmeasured variables 
Studies II and III aimed to explore the associations between risk factors 
and an increase in NEC incidence across a 10-year interval between the 
cohorts. Over such a prolonged period, multiple aspects of neonatal care 
that were not captured in the available datasets may have changed. This 
introduces the risk of temporal confounding factors.  
In Studies II (propensity score stratification) and IV (propensity score 
matching), covariate selection was primarily guided by clinical 
reasoning. Although this approach ensures biological plausibility, it may 
introduce residual confounding if the relevant variables are not 
measured or included in the model. 
  
Finally, cross-cohort comparisons were performed between two national 
population-based cohort studies and one RCT. Differences in study 
design, inclusion criteria, and baseline perinatal characteristics limit 
direct comparability between cohorts. 
  
The novel definition of prolonged FI has not yet been externally 
validated, apart from its application in cross-cohort comparisons in this 
thesis. A key limitation of external validation is that this definition 
requires high-resolution longitudinal nutritional data. 
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By relying exclusively on nutritional exposure criteria, this definition 
may reduce specificity and potentially encompass a heterogeneous group 
of underlying pathophysiological mechanisms. Furthermore, this 
definition may be sensitive to differences in local nutritional policies and 
feeding strategies, which could partly explain the relatively high 
incidence of prolonged FI observed in the EXPRESS cohort. 

Clinical implications  
One major clinical implication of this thesis is that the risk of NEC is the 
greatest among the most immature infants. This highlights the need for 
targeted preventive strategies in this high-risk group, including 
optimised protective care, individualised nutritional management, and 
careful antibiotic stewardship to mitigate the risk of NEC. 
These findings further suggest that early and late NEC should be 
considered potentially distinct clinical entities. As the observed increase 
in NEC incidence was restricted to late-onset disease, clinical monitoring 
and preventive strategies may benefit from age-specific risk assessments 
rather than treating NEC as a homogeneous condition. 
These results also support contemporary feeding strategies for EPT 
infants. Active advancement of enteral feed and early breast milk 
fortification were not associated with an increased risk of NEC. These 
findings provide reassurance that efforts to optimise early enteral 
nutrition are unlikely to contribute to NEC incidence. 
The results of Studies I and II also underscored that NEC diagnoses 
derived from patient records or quality registries should undergo 
structured validation before being used in quality improvement 
initiatives, regional benchmarking, or clinical research. Following the 
publication of Study I, the SNQ registry improved its registration 
routines for NEC diagnoses by introducing a mandatory NEC checklist 
and local validation of diagnosis. 
Adequate macronutrient and energy intake are essential for postnatal 
growth. When sufficient enteral intake cannot be achieved, optimised 
parenteral nutrition appears to mitigate the risk of postnatal growth 
failure and severe neonatal morbidity. 
Approximately one in seven EPT infants fulfilled the criteria for 
prolonged FI. This condition manifests early, with delayed feeding 
progression and slower attainment of nutritional targets. Although the 
negative consequences of prolonged FI can largely be mitigated by 
appropriate parenteral nutrition, prolonged CVC use is associated with 
increased antibiotic exposure. This highlights the importance of 
adhering to the principles of antibiotic stewardship. 
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Future research 
Efforts to develop an NEC classification better suited for EPT infants 
should continue. Both simple heuristic approaches and more advanced 
machine learning methods should be explored to achieve higher 
sensitivity and specificity than the current Bell’s classification. The 
integration of abdominal ultrasound into diagnostic algorithms may also 
improve diagnostic accuracy and should be evaluated in future studies 
(199,200). 
The pathophysiology of NEC remains unclear and requires further 
investigation. Advances in microbiological and molecular techniques 
have provided new opportunities to explore the role of the intestinal 
microbiome in NEC development. An improved understanding of 
microbiome dynamics may help explain why NEC sometimes appears in 
temporal clusters within NICUs (81,201). 
Therefore, the antibiotic exposure patterns warrant further study. A 
better understanding of how antibiotic treatment influences the 
intestinal microbiota and NEC risk may enable more tailored antibiotic 
prophylaxis strategies for the most vulnerable and high-risk patients. 
Future studies should also assess the long-term consequences of early 
nutritional strategies in EPT infants. Particular focus should be placed 
on metabolic outcomes, morbidity, and neurodevelopmental trajectories. 
In addition, intervention trials are needed to better understand how 
nutritional strategies can be individualised to optimise both short- and 
long-term outcomes. 
To strengthen future observational studies, national neonatal cohorts 
should aim for harmonisation of recorded exposures and outcomes. 
Standardisation of variable definitions, naming conventions, and coding 
systems would facilitate the merging of datasets across regions or 
countries. Such harmonisation could substantially increase statistical 
power in NEC research and enable stratified analyses with maintained 
power, including a more detailed investigation of differences in risk 
factors and outcomes between early and late NEC. 
Large, well-designed RCTs aimed at NEC prevention are required. Two 
promising ongoing research areas include studies investigating 
probiotics and enteral insulin (146,202). 
The proposed classification of prolonged FI requires external validation. 
Ideally, this should be performed in large cohorts of EPT infants to 
further explore the associated risk factors and clinical outcomes. Future 
research should also aim to identify the underlying biological 
mechanisms, including whether GI maturation and microbiome 
development contribute to vulnerability to prolonged FI. 
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Finally, improvements in neonatal data infrastructure are needed. Data 
collection should increasingly move away from manual methods and 
instead utilise automated data extraction through application 
programming interfaces connected to electronic patient record systems. 
Establishing such data pipelines would enable more efficient, accurate, 
and scalable collection of high-resolution clinical and nutritional data for 
future research. 

Overall conclusion 
Taken together, the studies included in this thesis provide new insights 
into the epidemiology of NEC, nutritional management, and growth of 
EPT infants across two clinical epochs separated by a decade. Studies I–
III demonstrate how changes in survival and clinical practice have 
influenced the epidemiology of NEC, while Study IV expands the 
perspective to the closely related condition of prolonged FI. The increase 
in NEC incidence over time appears to be largely driven by improved 
survival among the most immature infants. At the same time, the 
transition toward more proactive nutritional strategies was associated 
with improved postnatal growth without evidence of an increased risk of 
NEC. The identification of prolonged FI as a distinct clinical phenotype 
further highlights the vulnerability of the immature GI system in this 
population. Hopefully, these findings will contribute to a more nuanced 
understanding of intestinal diseases and nutritional care in infants born 
extremely preterm. 
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