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Very preterm birth has a longlasting impact on the functioning of survivors in a wide 
range of developmental domains.1,2 While the survival rates for very preterm birth have 
greatly improved over the last decades, parallel improvements of neurodevelopmental 
outcomes failed to occur.3,4 As such, increasing numbers of very preterm born infants 
grow up with impairments, requiring support throughout childhood and beyond. 
To advance the knowledge on the specific longterm impairments after very preterm 
birth and mechanisms that contribute to these impairments, this thesis covered three 
aims. The first was to provide insight in the nature of the impairments in a broad 
range of neurodevelopmental and behavioral outcomes after very preterm birth. The 
second aim was to identify perinatal and demographic risk factors for poor neuro
developmental outcomes after very preterm birth. The third aim was to study the 
longterm effects of glutamineenriched enteral nutrition on neurodevelopmental and 
behavioral outcomes at 13 years of age. The fourth aim of this thesis was to increase the 
understanding of the underlying neurocognitive processes of these outcomes during 
adolescence. The first three aims were mainly covered by the studies described in the 
first part of the thesis (chapter 2–5), whereas the main focus of the studies discussed in 
the second part of the thesis (chapter 6–10) was on the fourth aim. In this chapter, the 
key findings of the thesis are listed, followed by a general discussion of the findings. 
Subsequently, the limitations of the studies, implications of the findings and directions 
for future research are discussed.

KEY FINDINGS

• Children born extremely or very preterm since the introduction of antenatal 
corticosteroids and surfactant therapy in the early nineties show considerable 
impairments in intelligence and academic performance (chapter 2, 3).

• Cognitive outcomes of extremely or very preterm born children have not 
improved in the period from 1990 to 2008 (chapter 3).

• The incidence of bronchopulmonary dysplasia (BPD) in extremely or very 
preterm born samples is strongly associated with the degree of impairment in 
intelligence and academic performance compared to fullterm born children 
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(chapter 2, 3).
• The enteral supplementation of glutamine in very preterm born infants in the first 

month of life does not have beneficial or adverse effects on neurodevelopmental 
outcomes at 13 years of age (chapter 4).

• Academic difficulties in children born very preterm are apparent in the first 
grades of primary school and do not improve or worsen with progression through 
later grades (chapter 5).

• Very preterm born children show similar progression in academic performance 
as their fullterm born peers during primary school (chapter 5).

• Very preterm birth affects performance in arithmetic and reading comprehension 
through its negative effects on visuospatial working memory, sustained attention, 
and processing speed (chapter 6).

• Impairments in attentional control after very preterm birth result from deficits 
in voluntary control processes rather than deficits in automatic, implicit control 
processes (chapter 7).

• Deficits in the voluntary control of attention play a role in the symptoms of 
inattention and the impairments in intelligence and academic performance 
observed in adolescents born very preterm (chapter 7).

• Adolescents born very preterm have more parent and teacherreported social 
problems and symptoms of autism spectrum disorder, but do not themselves 
report more social problems than adolescents born after full gestation (chapter 8). 

• Very preterm birth is associated with deficits in facial emotion recognition during 
adolescence (chapter 8).

• Deficits in cognitive control play an important role in the social problems of 
adolescents born very preterm (chapter 8).

• Brain activity of adolescents born very preterm during rest is characterized by a 
decrease of highfrequency beta oscillations compared to fullterm born controls 
(chapter 9).

• Subgroups of adolescents can be distinguished with different patterns of brain 
oscillations based on the distribution of relative power in the delta, theta, alpha, 
and beta frequency band (chapter 9).

• A subgroup of adolescents characterized by high levels of delta and low levels 
of theta, alpha, and beta power relative to the other subgroups shows poorer 
intelligence, academic performance, and motor abilities. Compared to fullterm 
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born peers, adolescents born very preterm are more likely to be members of this 
subgroup (chapter 9). 

• Implicit learning abilities in adolescence are not affected by very preterm birth 
(chapter 10).

DISCUSSION

Despite the advances in neonatal care since the 1990s, most notably the introduction 
of antenatal corticosteroids and surfactant therapy which have resulted in considerable 
improvements of survival rates after very preterm birth, children born very preterm 
are at risk for poor neurodevelopmental outcomes and behavioral impairments.1,2 
Very preterm birth in the antenatal corticosteroids and surfactant era is associated 
with considerable difficulties in academic performance (chapter 2) and large impairments 
in intelligence (chapter 3). The level of impairments in intelligence was similar to the 
level of impairments reported in a previous metaanalysis that included cohorts born 
before the introduction of these treatment methods.5 This similarity in outcomes of 
both metaanalyses could possibly be explained by an increase of survival of the most 
immature children after antenatal corticosteroids and surfactant therapy were introduced 
in clinical practice. However, the general consensus has been that the introduction of 
these methods have not resulted in an improvement of neuro developmental outcomes 
after very preterm birth.6 Also from the 1990s onwards, neonatal care has been 
continuously advancing with the hope of improving the longterm outcomes after 
very preterm birth. It is therefore an unsatisfactory finding that there was no evidence 
for improvements in longterm cognitive outcomes of children born very preterm in 
the period from 1990 to 2008, even when potential variation in gestational age over 
time was taken into consideration (chapter 3).

Optimizing nutrient intake and growth in very preterm born infants is one of 
the biggest challenges in the neonatal period and a promising pathway to improve 
neuro developmental outcomes. Very preterm born infants are at high risk for poor 
postnatal growth due to a failure to meet increased nutrient requirements.7 The preterm 
brain is particularly vulnerable to nutrient deficiencies because of the high metabolic 
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demands of the rapidly growing brain between 24–40 weeks postmenstrual age.8 
Observational studies have consistently reported a positive association of nutritional 
intake and postnatal growth with brain growth and maturation and neuro  developmental 
outcomes.9–11 Moreover, decreased energy and lipids intake of very preterm born 
infants during the first two weeks of life was recently found to be strongly associated 
with brain abnormalities at termequivalent age, especially in gray matter.12 

However, it is important to note that the positive relation between postnatal 
growth and neurodevelopmental outcomes is primarily reported in observational studies. 
This relation may not necessarily be a causal one and may be confounded by neo natal 
morbidities as the limited number of experimental studies have thus far failed to 
provide evidence for the beneficial effects of increased postnatal growth on neuro
developmental outcomes.9 Enteral supplementation of glutamine in the first 30 days of 
life showed positive effects on the incidence of neonatal infections and brain volume 
at school age,13,14 supporting the potential of glutamine to serve as a neuro protective 
agent after very preterm birth. However, no beneficial effects were found on functional 
outcomes at school age15 and adolescence (chapter 4). Possible explanations for the lack 
of effects include the limited power of our study and the impact of environ mental 
factors on longterm neurodevelopmental outcomes. Moreover, glutamineenriched 
enteral nutrition did not improve postnatal growth as measured by weight gain.13 For 
optimal growth and brain growth, adequate intake of a range of macro nutrients and 
micronutrients is required.8 As described by Georgieff, Ramel, and Cusick,8 different 
brain regions and maturational processes follow different develop mental trajectories 
with different nutrient demands. Nutrient deficiencies may differentially impact 
aspects of brain development depending on the timing. This may explain the specific 
impact of glutamine supplementation on white matter, hippo campus, and brain stem 
volumes.14 Georgieff et al.8 therefore emphasize the importance of the timing, dose, 
and duration of nutritionbased interventions. In order to have more widespread 
benefits for brain development and maturation and potentially increase the impact on 
neurodevelopmental outcomes, future studies should aim to understand how to 
optimize nutritional intake to improve postnatal growth and to increase the 
understanding of the role of multiple nutrients and the timing of their deficiencies in 
brain development.
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The lack of improvement of longterm cognitive outcomes in combination with 
ongoing increases in survival rates after very preterm birth16,17 implicates that there is 
an increasing number of very preterm born children growing up with impairments. 
These impairments are not limited to the cognitive and academic domain. The findings 
presented in chapter 8 indicate that social problems are prominent in adolescents born 
very preterm. Along with disturbances in attention (chapter 6, 7) and emotion, these 
social problems have been proposed to characterize the preterm behavioral pheno type.18 
This pattern of behavioral impairments was consistently found in both childhood18 
and adolescence.19 Moreover, these behavioral impairments cooccur with deficits in 
intelligence and academic performance.20 Importantly, the wide range of problems 
observed in children born very preterm do not improve when children grow older. As 
demonstrated in chapter 5, academic difficulties were observed in the first grades of 
primary school and did not improve or deteriorate with progression through later 
grades, despite or thanks to the increased special educational assistance and grade 
repetition in very preterm born children compared to fullterm born peers. This per
sis tence of problems was also observed for cognitive, attentional, social, and emotional 
impairments.21–23 While the generally short duration of followup of very preterm 
born children may suggest otherwise, these findings mark that very preterm birth 
poses children at risk for longlasting problems.

To adequately support very preterm born children and adolescents throughout 
development it is crucial to understand their specific needs. The studies described in 
this thesis add to the limited knowledge of the functioning of very preterm born 
children during adolescence. Importantly, specific neurocognitive processes were 
linked to broader domains of functioning, such as intelligence, academic performance, 
and social adjustment, to provide insight in the underlying mechanisms that potentially 
contribute to impaired functioning in these domains. The findings presented in 
chapter 6, 7, and 8 point to a deficit in cognitive control that plays a key role in the 
impairments in intelligence and academic performance, inattentive behavior, and 
social problems observed in adolescents born very preterm. In addition, involuntary 
control of eye movements (chapter 7) and implicit sequence learning (chapter 10) —  
processes that are mostly automatic and thereby demanding minimal levels of cog
nitive control — were found to be unimpaired. Together, these studies indicate the 
robustness of the finding that very preterm birth is primarily associated with impaired 
functioning when cognitive control is required.
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Cognitive control may be defined as “the ability to regulate, coordinate, and 
sequence thoughts and actions in accordance with internally maintained behavioral 
goals”,24 requiring a set of neurocognitive functions that “maintain current goal re
presentations against distracting information, while also flexibly updating these 
representations as goals and environmental factors change”.25 These functions include 
attentional control, working memory, and the inhibition and selection of responses.26 
Cognitive control relies on the dynamic interactions between three core brain 
networks: the frontoparietal central executive network, the cinguloopercular salience 
network, and the defaultmode network.27,28 The salience network, in particular the 
anterior insula, functions as an interface between the central executive and default
mode network. It is critical for the detection and integration of important stimuli in 
the environment and subsequently initiates signaling to the central executive and 
defaultmode network, thereby mediating the engagement and disengagement of 
networks in response to these stimuli.28 Very preterm birth is associated with abnormal
ities in regions that are part of these largescale networks and in the structural and 
functional connectivity within and between networks,29–31 particularly connectivity 
involving the salience network.31 These abnormalities likely give rise to aberrant 
network function and betweennetwork interaction, resulting in impaired cognitive 
control abilities.31 Deficits in cognitive control are not unique to very preterm born 
individuals, but are a prominent feature of a range of psychopathologies.32–34 This non
specific control deficit has been proposed to result from altered salience detection due 
to hyper or hypoactivity in the nodes of the salience network that has cascading 
effects on the engagement and disengagement of other (dysfunctional) networks.32 
The specific alterations in these largescale brain networks are thought to give rise to 
specific symptom clusters that characterize different disorders.32 From this view, it is 
possible that the timing of preterm birth, the exposure to pathogenic factors in utero 
and in the neonatal period, and environmental factors that differ from infant to infant 
may differentially impact network organization in the individual infant, giving rise to 
the large heterogeneity in symptoms and severity of impairments after very preterm 
birth and the increased risk for a wide range of psychopathologies in childhood, 
adolescence, and adulthood.35
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The findings of the metaanalyses presented in chapter 2 and 3 do not only 
indicate large differences in outcomes between studies, but also high variability within 
study samples (Figure A2.1–A2.4, 3.2). Only recently, studies have started to address 
this variability. In chapter 9, it was shown that different subgroups of adolescents can 
be identified with different patterns of oscillatory brain activity that reflect the 
dynamics of largescale functional brain networks. Importantly, a specific pattern 
characterized by increased slowwave delta activity, and decreased activity in the 
theta, alpha, and beta frequency bands was associated with both very preterm birth 
and poorer intelli gence, academic performance, and motor skills. This finding does 
not only indicate an oscillatory pattern that may be reflective of aberrant network 
function after very pre term birth, but also shows that different oscillatory patterns can 
be distinguished among both very preterm and fullterm born adolescents, which are 
not necessarily associated with impaired functional outcomes. A recent study by 
Burnett et al.20 found distinct subgroups of extremely preterm and fullterm born 
children based on symptoms of behavioral problems. More than half of the extremely 
preterm born children showed a profile with minimal behavioral problems, while a 
fifth showed a profile consistent with the preterm behavioral phenotype. The rest 
showed different clusters of behavioral symptoms. Heeren et al.36 recently reported 
distinct profiles of cognitive functioning, as indicated by IQ and executive functions, 
in extremely preterm born children. Subgroups differed in the severity of impairments 
with a signifi cant proportion of children showing no or mild impairments and another 
significant proportion showing moderate or severe impairments. Among those children 
who did show cognitive impair ments, some showed general impairments across all 
cognitive domains, whereas others showed more specific impairments in executive 
function. These studies indicate that very preterm born children can be distinguished 
in meaningful subgroups based on a range of outcomes. This approach will help to 
increase insight in the specific needs of very preterm born children that may differ 
from subgroup to subgroup.

In addition, the identification of subgroups may help to identify very preterm 
born children who have a high risk for poor outcomes. The classification of subgroups 
based on neurophysiological parameters, such as the specific pattern of oscillatory 
activity that was associated with both very preterm birth and functional outcomes 
as found in chapter 9, is of particular interest because EEG is a noninvasive and 
affordable technique that can easily be applied in clinical practice and is suitable for 
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use in infants. If it is possible to distinguish oscillatory patterns in infancy and to relate 
these patterns to functional outcomes later in life, these or other neurophysiological 
parameters could potentially function as biomarkers for poor outcomes after very 
preterm birth. In addition, the findings described in chapter 9 and those reported 
by Burnett et al.20 and Heeren et al.36 show that there is also a significant proportion 
of very preterm born children with no or minimal impairments or with a profile of 
impairments that differs from the grouplevel profile. These studies provide a first step 
in the investigation of subgroups after very preterm birth.

STRENGTHS AND LIMITATIONS

Among the strengths of the studies presented in this thesis is the long followup 
interval of 13 years. Relatively few studies evaluated the outcomes after very preterm 
birth during adolescence, while this is an important period of transition from child
hood to adulthood. The studies in this thesis provided insight in the functioning of 
adolescents born very preterm in multiple developmental domains. In addition, a 
variety of specific neurocognitive processes were studied (see Summary Table) to provide 
a comprehensive picture of the cognitive weaknesses and strengths in adoles cents 
born very preterm. These processes were studied in concert rather than in isolation 
and related to broader domains of general functioning. Another asset is the use of 
advanced analysis techniques, namely metaregression analysis, mediation analysis, 
and latent class analysis, to provide insight in the heterogeneity in outcomes after very 
preterm birth. In addition, the use of sophisticated research methods, i.e. eye tracking 
and EEG, provided novel insights that may contribute to the search for markers to aid 
the early identification of children at risk for longterm impairments. Eye tracking and 
EEG are valuable methods in this respect, because these methods provide objective 
parameters that do not require understanding of complex tasks or the integration of 
multiple modalities and can therefore also be obtained in preverbal infants. Lastly, 
this thesis integrated insights from pediatrics, neuropsychology, develop mental 
psychology, and neuroscience to provide a broad perspective on the functioning of 
adolescents born very preterm. 
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Despite aforementioned strengths, the findings presented in this thesis also 
need to be interpreted within the context of the limitations of the studies conducted. 
Metaregression analysis is a useful and widely employed method to explore sources 
of heterogeneity in effect sizes across studies. However, the use of average participant 
characteristics of each study as covariates in the metaregression may lead to aggrega
tion bias as the relation between the studylevel averages and the outcome may not be 
the same as the relation at the individual level.37 Moreover, metaregression analysis 
with aggregated participant characteristics generally has lower power to detect a 
relation between outcome and covariate compared to metaanalysis based on indivi
dual patient data. These limitations especially apply to situations where there is little 
variation in the average values between studies but considerable variation between 
individuals within studies and to metaregression with a small number of studies.38 
The metaregression analyses described in chapter 3 generally included a large number 
of studies. As stressed by Lambert et al.,39 effects detected by metaregression are likely 
to be large and important effects, but the absence of an effect does not mean that the 
effect does not exist. The strong relation between BPD and cognitive impairment is 
therefore less likely to be affected by aforementioned limitations, but analysis of co
variates with limited data availability may have suffered from low power. However, to 
under stand the precise size of the effect of BPD on cognitive outcomes and how sever al 
demographic and perinatal factors interact and affect outcomes after very pre term birth 
at the individual level, individual patient data metaanalysis is recommended.

Although the followup rate of nearly 70% for the studies on the outcomes at 13 
years of age (chapter 4–10) was acceptable, the relatively small sample size resulted in 
limited power to detect small effects and may have negatively impacted the precision 
of effect sizes and the type I error rate.40 As a consequence, the possibility that there are 
(small) effects of glutamine supplementation on longterm outcomes, of very preterm 
birth on the involuntary control of eye movements (chapter 7) or implicit sequence 
learning (chapter 10), or that emotion recognition deficits do contribute to the social 
problems in very preterm born adolescents (chapter 8) can therefore not be excluded 
based on the studies presented in this thesis. Hence, these findings await replication 
in largescale studies. However, based on the metaanalysis of 71 longterm followup 
studies (chapter 3), such largescale studies are scarce, as indicated by the fact that 
the majority of included studies had a sample size of less than 100 very preterm born 
children. Collaboration between research groups and institutions should therefore 
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be encouraged, for example in national or international networks. This would also 
benefit the generalizability of study findings as these are less likely to be confounded 
by specific sample characteristics. The very preterm sample in the studies presented 
in this thesis was recruited from a single center and the parents of the children had 
high levels of education. As a result, the generalizability of findings to the population 
of very preterm born children may be decreased as the risk for very preterm birth is 
higher for mothers from socially disadvantaged background.41 This is another reason 
that replication of the presented findings is warranted.

IMPLICATIONS AND FUTURE DIRECTIONS

From the findings presented in this thesis it is clear that improving the outcomes after 
very preterm birth is an enormous challenge that should continue to remain the highest 
priority for future research. A couple of future directions are considered to be of 
particular interest in this respect. These may be organized around two related themes: 
(1) heterogeneity in neurodevelopmental outcomes and (2) early identification of infants 
with a high risk for poor outcomes. Specific suggestions for future research and clinical 
practice related to these themes will be discussed in the subsequent paragraphs.

In order to understand why a significant proportion of children born very pre
term shows impairments of varying severity across a range of developmental domains, 
while another significant proportion of children experiences minimal or no impair
ments, a shift is to be made from focusing on grouplevel impairments to studying 
individual differences in neurodevelopmental outcomes. The study of individual 
differences may be focused on the what, when, who, and why of impairments after very 
preterm birth: what type of impairments, when do these impairments occur, who 
suffers from impairments, and why. Distinguishing children based on their functioning 
in several developmental domains may reveal subgroups with different patterns of diffi 
culties (what) and/or different levels of impairment. Burnett et al.20 found distinct 
profiles of behavioral outcomes among extremely preterm born children that differed in 
the severity of problems and the type of symptoms that was predominant. Heeren et 
al.36 showed distinct profiles of cognitive functioning in extremely preterm born chil
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Figure 11.1  
Individual academic trajectories for arithmetic, reading comprehension, and 
spelling from grade 1 to 6 of primary school (age ~6–12 years). Note: M1 = mid-first 
grade; E1 = end first grade; M2 = mid-second grade, etc. The mean of the full-term 
sample at each measurement was used as the reference to compute z-scores.
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dren. Such analyses should be integrated and expanded by studying subgroups of 
children based on functioning across several developmental domains, including intelli
 gence, neurocognitive functions, motor skills, and behavioral/socioemotional func
tioning. This will provide insight in the specific needs of very preterm born children 
across a wide range of domains that may differ from subgroup to subgroup. Although 
the grouplevel findings in chapter 5 and in other recent studies21–23 show that im pair
ments after very preterm birth remain generally stable during development, a different 
picture may be seen at the individual level. This is illustrated by the plots in Figure 
11.1. The plots show large variability in academic trajectories of very preterm born chil
dren during primary school and suggest that subgroups of children may be distin
guished with varying trajectories.

For example, the reading comprehension trajectories suggest that there may be 
a subgroup of very preterm born children that have difficulties especially in the first 
grades, while arithmetic performance of some children seems to deviate more from 
the mean of controls with progression through later grades. Further study of individual 
trajectories in academic but also cognitive, motor, and behavioral development may 
aid the identification of critical points in development and give insight when specific 
difficulties may arise in certain subgroups, while such deviating trajectories may remain 
unnoticed at the group level. The identification of subgroups based on the type of 
difficulties and developmental trajectories should be related to demographic and peri
natal characteristics to help us understand which children (who) are at risk for what 
type of problems at which point in development. This could also provide more insight 
in the mechanisms that contribute to the development of impairments to understand 
why certain difficulties occur in some children and not in others. Is expo sure to differ
ent sets of risk factors associated with different outcomes and similarly, can we define 
protective factors that are associated with resilience?

The study of individual differences in neurodevelopmental outcomes after very 
preterm birth is of particular interest for intervention research. The identification of 
subgroups of very preterm born children allows the development of interventions that 
are more targeted to the specific difficulties and combinations of difficulties of certain 
groups of children. In addition, increasing insight in the mechanisms that contribute to 
impairments could advance the development of prevention or intervention strategies 
that target these mechanisms. Also for research on the effectiveness of interventions 
it is important to take individual differences into account. There is currently little 
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evidence in support of the effectiveness of early intervention programs for improving 
longterm outcomes after very preterm birth.42 In general, these programs have 
been administered to heterogeneous samples with little consideration of individual 
characteristics that may influence intervention effects. The few studies available suggest 
possible differential effects of early intervention programs in different subgroups. For 
example, the Avon Premature Infant Project showed positive intervention effects on 
cognitive outcomes at two years of age in infants with abnormal cranial ultrasound 
but not in infants with normal cranial ultrasound.43 However, this difference was 
not observed at 5 years of age.44 For the Infant Health and Development Program, 
positive effects on cognitive outcomes were reported at 8 and 18 years for children 
with a birth weight > 2000 grams, but not for children with lower birth weight.45,46 
In contrast, in the Avon Premature Infant Project, infants with birth weight ≤ 1250 
grams showed increased benefit for cognitive outcomes at two years of age which was 
not found for infants with a birth weight > 1250 grams,43 but no such differential effect 
was found at five years of age.44 Except for these two studies, individual differences 
were not considered as possible modifiers of intervention effects in the vast majority of 
intervention studies. It is not unlikely that some of these programs that did not show 
an effect at the group level, may actually have a positive effect on outcomes of specific 
subgroups of children. 

While most research, including the studies described in chapter 2 and 3 of this 
thesis, has been focused on risk factors for poor outcomes after very preterm birth, it 
is also of interest to focus on subgroups of children who show no or only subtle impair
ments, because characterization of this group of children may reveal factors that are 
associated with resilience. Important candidate resilience factors are related to socio
economic background. Previous studies have shown that higher levels of parental edu
cation are associated with better outcomes after preterm birth.47 Socio  economic 
factors such as parental education level, family income, single parenthood or neighbor
hood socioeconomic status (SES) cannot easily be changed through inter vention. Future 
studies should therefore aim to understand how these factors impact the development 
of infants born very preterm to identify mediating factors that could be promoted 
through intervention. In fullterm, typically developing children, Sarsour et al.48 
found that the relation between SES and executive functions was mediated by specific 
aspects of the home environment, including parental re sponsivity, enrichment of the 
environment through material resources, and involve ment of parents in child 
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activities. In children born very preterm or with very low birth weight, highly sensitive 
parenting at 6 years of age was associated with resilience to the adverse effects of 
preterm birth on academic performance at 13 years of age.49 Treyvaud and colleagues50 
found that increased parental responsiveness at two years of age was associated with 
better cognitive, language, academic, and socialemotional outcomes of very preterm 
born children at 7 years of age. Moreover, some evidence was found that positive parenting 
effects were stronger for children with low medical risk. These findings suggest that 
interventions stimulating sensitive parenting may have a positive effect on outcomes 
of very preterm born children. Most early intervention programs after very preterm 
birth were indeed aimed at the infantparent relationship, focusing on sensitive respon
ding of parents to infant’s cues and needs. However, positive effects of these inter
ventions on cognitive outcomes were not sustained beyond infancy and preschool 
age.42 Landry and colleagues51 emphasize the importance of consistency of parental 
responsiveness across early childhood for cognitive and social development of full
term and preterm born children. Their findings did not indicate particular importance 
of early responsiveness, but rather the significance of sustaining high responsiveness 
from infancy to early childhood. Moreover, preterm born children were found to benefit 
more from consistent responsiveness than fullterm born children. Sustaining high 
parental responsiveness requires understanding the changing needs of children during 
development. Especially in children with develop mental difficulties, such as children 
born very preterm, this may require more support for parents than an inter vention 
with generally short duration in the infancy period. It may be interesting to study the 
effects of prolonged parenting support, with consideration of individual differences to 
find out which children may benefit most from which type of intervention. These 
individual differences should include both child and parent factors as parenting 
behavior is reciprocally associated with children’s development.51 

While environmental factors play an important role in the outcomes after very 
preterm birth, Doyle and colleagues52 showed that these factors may not outweigh the 
effects of perinatal biological factors. Contrary to the researchers’ expectations, the 
magnitude of the effects of perinatal risk factors were equal to or larger than the effects 
of environmental factors throughout development up until 18 years of age.52 The 
findings in chapter 2 and 3 implicate that decreasing the rates of bronchopulmonary 
dysplasia (BPD) may be particularly important for improving neurodevelopmental 
outcomes after very preterm birth, given its strong relation with cognitive and academic 
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outcomes and the incidence of BPD, that remained continuously high over the last 
decades. The latter also indicates the complexity of the disease and its pathogenesis 
still remains to be elucidated. While most prevention and intervention strategies have 
been administered in the neonatal period, the important role of antenatal factors in 
the development of BPD is increasingly recognized.53,54 In a large prospective cohort 
study, prenatal factors, including maternal smoking, intrauterine growth restriction, 
male sex, ethnicity, and public insurance, together with intubation at birth, accurately 
predicted respiratory morbidity and its severity at 1 year of age. Importantly, the 
accuracy of prediction was as good as when BPD was used as the sole predictor.55 This 
implicates that information available at birth and even before birth can be used to 
accurately identify children at high risk for respiratory morbidity at an early stage, 
allowing for targeted interventions. Recently, fetal functional magnetic resonance 
imaging showed reduced functional connectivity in the brain of fetuses that were sub
sequently born preterm compared to fetuses that were eventually delivered after full 
gestation, indicating that abnormalities in brain development associated with very 
preterm birth are already present prior to birth.56 These recent findings suggest that 
antenatal factors are not only of interest in the context of preterm birth prevention, 
but also for the study of neurodevelopmental outcomes after very preterm birth as 
these factors may contribute to the early identification of children with an increased 
risk for poor outcomes and may be modifiable targets for early interventions methods 
to improve these outcomes. Furthermore, these findings indicate that biological risk 
factors for poor neurodevelopmental outcomes such as BPD also seem to have a strong 
environmental component, which again stresses the importance of increasing research 
focus on environmental factors. In a recent study by BenaventeFernández et al.,57 the 
association between level of maternal education and cognitive outcome at 4.5 years 
was of similar strength as the relation of brain injury (i.e. white matter injury and 
severe intraventricular hemorrhage [IVH]) and stronger than the relation of BPD with 
cognitive outcome. Moreover, the association of brain injury and BPD with cognitive 
outcomes was differentially affected by maternal education. Very preterm born children 
of mothers with high levels of education showed resilience to the adverse effects of 
brain injury on cognition, while these effects were most marked in the group with 
lowest levels of maternal education.57 Altogether, these findings mark the importance 
of increasing focus on environmental factors in direct relation to neurodevelopmental 
outcomes and indirectly, through their interaction with biological factors.
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Key to the improvement of outcomes after very preterm birth is early identifi
cation, which comprises (1) the early identification of infants with an increased risk 
for poor outcomes and (2) the identification of problems at an early stage when pro
blems indeed occur. For the identification of highrisk infants, pre and postnatal 
environ mental and biological factors should be studied in concert to understand the 
complex interaction of multiple factors. However, an important issue with the use of 
clinical measures of morbidity is that their definition may be debatable (e.g. BPD, see 
Higgins et al.53) or measures may be too crude and therefore subtle abnormalities that 
contribute significantly to functional outcomes may be missed. For example, cranial 
ultrasound has long been the method of choice in clinical practice for neurological 
investigation of the preterm born infant, but it has important limitations when it 
comes to the detection of diffuse, more subtle cerebral injury and abnormalities. Inder 
and colleagues58 showed low rates of major cerebral injury (i.e. IVH grade III/IV, cystic 
periventricular leukomalacia [PVL]) as detected by conventional cerebral ultrasound, 
but when neonatal MRI was used, a much larger proportion of infants showed non
cystic white matter abnormalities. It is increasingly recognized that subtle, widespread 
abnormalities in both white and gray matter are much more common in very preterm 
infants than severe brain injury seen on ultrasound. Moreover, abnormalities detected 
with neo natal MRI were more strongly associated with neurodevelopmental 
impairment at two years of age than findings on cranial ultrasound.59 Studies on the 
relation with longterm functioning are scarce, but promising findings have been 
reported by Anderson et al.60 Using an objective scoring system to quantify brain 
abnormalities on neonatal MRI,61 a global index of brain abnormality that reflects the 
amalgam of brain injury and alterations in both gray and white matter was associated 
with later cognitive, academic, motor, but not behavioral functioning. Importantly, 
this measure of brain abnormality predicted longterm functioning beyond the effects 
of other perinatal factors. This study shows the potential for the future use of more 
sensitive, objective measures of brain abnormalities in clinical practice to benefit the 
early identification of infants at risk for longterm neurodevelopmental impairment. 

It is widely accepted that interventions should be administered at an early stage 
to prevent problems from becoming worse. However, impairments after very pre term 
birth are often recognized at a relatively late stage. The early identification of highrisk 
infants, as discussed in the previous paragraph, increases the likelihood that impair
ments are recognized at an early stage. In addition, there are several other issues that 
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prevent early detection of problems in this population and things that could be done 
to improve this. First of all, except for a few countries, among which the Netherlands, 
followup is often limited to infancy and rarely conducted beyond toddlerhood. This 
is problematic because outcomes in infancy, as most commonly measured with the 
Bayley Scales for Infant Development (BSID) II or III, showed low sensitivity in 
predicting cognitive impairment at later ages.62,63 The BSID is not designed to predict 
later functioning and should therefore not be used as such to inform the further monitor
 ing and support of infants who show no delay. Systematic followup of all chil dren 
born very preterm beyond infancy is therefore recommended, especially during critical 
points in development such as the transition to primary school or adoles cence. The lack 
of such longterm followup most likely results from budgetary constraints. As a com
promise, it would already be an important step in the right direction to provide long
term, close monitoring to those infants with the highest risk for longterm impair ments. 
However, this requires improvement of the early identifi cation of highrisk infants, as 
discussed in the previous paragraph. Given the situation of generally limited duration 
of followup, the development of instruments that are more sensitive to subtle neuro
developmental impairments and predictive of later functioning is key. As shown in 
chapter 7 and 9, EEG and eyetracking may be valuable methods in this respect, because 
of the feasibility of using these methods in preverbal infants. Given the presumed im
portance of cognitive control as a nonspecific mechanism underlying impairments 
across several domains of functioning after very preterm birth, the measurement of early 
markers or precursors of cognitive control, for example using eye tracking, could be of 
particular interest. This was supported by recent work by Downes et al. that showed 
deficits in attentional control in preterm infants at 12 months of age.64 Longitudinal 
studies are necessary to further study the predictive value of these measures for later 
functioning. The limited duration of followup also means that we fully rely on parents 
and teachers for the signaling of problems. However, deficits in children born very pre
term are generally subtle and symptoms of inattention, social difficulties, and anxiety 
that are thought to be pre dominant after very preterm birth,18 may not be as disturbing 
for children’s environ ment as for example more exter na lizing behavior prob lems. It 
may therefore be less likely that impairments are recog nized and acted upon at an 
early stage. This is supported by findings from Johnson and colleagues,65 who showed 
that teachers and educational psychologists have poor knowledge of the difficulties 
commonly associated with preterm birth. Notably, the lack of knowledge was greatest 
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for domains that were most commonly affected by very preterm birth. The early 
detection of difficulties in very preterm born children could therefore be improved by 
increasing the knowledge on the consequences of very preterm birth in individuals 
who are most closely involved in the development of these children.

The previous paragraphs were focused on the importance of early identification 
of highrisk infants and the early detection of impairments in these children with the 
idea that this could enhance the provision of early and tailored support. A crucial sub
sequent question is: how should this support be provided? First, very preterm born 
children may benefit from general health care or educational services.66,67 However, 
the absence of improvement in neurodevelopmental outcomes after very preterm 
birth suggests that interventions that are better tailored to the specific needs of very 
pre term born children are needed to narrow the gap with fullterm born peers. The 
studies presented in this thesis implicate that improvement of cognitive control may 
enhance functioning across several domains, although the studies provide no proof of 
a causal effect. However, claims that improvement of cognitive control could be reached 
by means of cognitive training are controversial, since the evidence in support of such 
interventions are limited to trained tasks and training effects do not generalize to 
nontrained tasks or daily life functioning.68,69 A randomizedcontrolled trial on work
ing memory training in extremely preterm born children led to the same con clusions.70 
An interesting research direction is related to the role of motivation and reward in 
cognitive control. Important work by Braver and colleagues71,72 showed that cognitive 
control processes are modulated by motivation in such a way that the provision of re
ward incentives enhance cognitive control. Research in children and adolescents has 
shown that cognitive control performance can improve to adult levels when provided 
with incentives, with an increased reward sensitivity observed in adoles cents.73 It would 
be interesting to investigate whether very preterm birth is associated with altered 
development of motivation circuitries, differences in reward sensitivity, and whether 
motivational and cognitive control processes interact in a similar way in very preterm 
children relative to fullterm born peers.

In summary, to improve the outcomes after very preterm birth, it is imperative 
to understand the large individual differences in the very preterm population. To this 
end, we should progress from grouplevel comparisons to studies addressing individual 
differences. This will give us a better understanding of the specific difficulties that 
certain subgroups of children suffer from which may be left unnoticed at the group 
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level. Moreover, the identification of subgroups based on longterm outcomes allows 
the subsequent characterization of these groups to understand which children have 
an increased risk for impairments and why. This aids both the early identification of 
highrisk infants that may benefit from close monitoring and early support and the 
development of prevention and intervention strategies targeting factors or mechanisms 
that contribute to adverse outcomes after very preterm birth. Lastly, there is a need for 
a more holistic approach of child development. It is wellknown that both typical and 
impaired development is influenced by a large number of factors.74–76 Very preterm birth 
is a multifaceted problem, involving numerous biological and environmental factors 
that interact in a complex and dynamic way to determine developmental outcomes. 
Although this may be generally recognized, current research on very preterm birth 
has a strong biomedical focus. Future research should aim to capture the complexity 
of the problem by studying the role of combinations of risk and resilience factors 
and placing the individual child in context by examining the dynamic interactions 
between biological and environmental factors. Moreover, children’s functioning in 
life, their chances and wellbeing, and the way they ultimately grow up and cope with 
life as adults does not depend on their functioning in isolated developmental domains 
but rather on their functioning across a range of domains. By taking a holistic view 
on the development of the very preterm child across domains of functioning, we may 
come closer to find answers on crucial questions in the field: who are at high risk and 
why are some children more at risk for poor outcomes after very preterm birth than 
others and who may benefit from which interventions to promote resilience to the 
adverse effects of very preterm birth or limit its effects on the child’s functioning in 
daily life?
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CONCLUSION

The findings presented in this thesis may not lead to optimism. Very preterm birth has 
been shown to have a longlasting impact on functioning in a wide range of domains 
and despite advances in neonatal health care, outcomes have not improved over the 
last decades. However, it should also be realized that it was not until the early nineties 
that the survival rates of very preterm born infants considerably increased. The out
comes of very preterm birth are dependent on many factors and interactions of these 
factors. It is therefore highly challenging to find out which factors are responsible for 
a certain outcome. However, this also provides opportunities as there may be many ways 
to positively influence development and outcomes. This is supported by the fact that 
there is a significant proportion of survivors of very preterm birth that develops with
out obvious impairments. On the contrary, the studies in this thesis have shown that 
overall, very preterm birth has a considerable, longlasting impact on individuals, 
families, and society. Very preterm birth remains a major public health issue and the 
im provement of outcomes after very preterm birth should receive the highest priority.
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