
VU Research Portal

The Long Shadow of Very Preterm Birth

Twilhaar, E.S.

2019

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Twilhaar, E. S. (2019). The Long Shadow of Very Preterm Birth: Towards an understanding of the nature,
predictors, and underlying mechanisms of neurodevelopmental impairments in adolescents born very preterm.
[PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/2929c7ba-5874-45b4-967b-f92f0c91ef66


534969-L-bw-Twilhaar534969-L-bw-Twilhaar534969-L-bw-Twilhaar534969-L-bw-Twilhaar
Processed on: 3-9-2019Processed on: 3-9-2019Processed on: 3-9-2019Processed on: 3-9-2019 PDF page: 13PDF page: 13PDF page: 13PDF page: 13

13

1
General  
Introduction



534969-L-bw-Twilhaar534969-L-bw-Twilhaar534969-L-bw-Twilhaar534969-L-bw-Twilhaar
Processed on: 3-9-2019Processed on: 3-9-2019Processed on: 3-9-2019Processed on: 3-9-2019 PDF page: 14PDF page: 14PDF page: 14PDF page: 14

The Long Shadow of Very Preterm Birth14

BACKGROUND

Epidemiology of preterm birth

Globally, 15 million infants are born preterm each year,1 which means that more than 
one out of 10 births occur after a pregnancy duration of less than 37 weeks. The inci
dence of preterm birth varies largely between regions, with preterm birth rates over 
12% in SubSaharan Africa, Southern Asia, and Southeastern Asia and an average rate 
of 8.6% in developed regions, according to the most recent global estimates for 2010.1 
The majority (84.3%) of preterm born infants is born after 32–37 weeks of gestation. 
The remainder is born after 28–32 weeks (10.4%) or less than 28 weeks of gestation 
(5.2%), which is labeled very preterm and extremely preterm, respectively. The focus of 
this thesis is on the last two groups to which I will refer as very preterm, meaning born 
with a gestational age of less than 32 weeks. Although preterm birth remains the main 
cause of infant mortality, advances in neonatal health care have resulted in considerable 
increases in survival rates of very preterm born infants over the last decades.2,3 In 
virtual ly all countries with available data, preterm birth rates increased or remained 
stable between 1990 and 2010. As a result, the absolute number of preterm born chil
dren has increased and these numbers are not likely to decrease or may only do slightly 
in the highestincome countries.4

Short-term morbidities

At the time of birth, organ systems in the very preterm born infant are immature and 
not prepared for exposure to the extrauterine environment. Organ development is 
disrupted by preterm birth and associated exposure to pathogenic and environmental 
factors. These factors include but are not limited to hemorrhagicischemic events, 
inflammation, excitotoxicity, freeradical attack, inadequate nutrition, stress, and pain. 
As a consequence, very preterm born infants are at high risk for a range of morbidities in 
the neonatal period. The most common complication is bronchopulmonary dysplasia, 
a chronic disease of the lung with multifactorial etiology. Other common neonatal 
morbidities include neonatal infection, intraventricular hemorrhage, periventricular 
leukomalacia, necrotizing enterocolitis, retinopathy of prematurity, patent ductus 
arteriosus, and postnatal growth failure. Advances in neonatal healthcare in the early 
nineties, most importantly the provision of antenatal corticosteroids and surfactant 
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therapy, have resulted in a decrease of neonatal morbidities, in particular respiratory 
complications.2,5,6 However, in the last decades, no considerable improvement of overall 
neonatal morbidity rates has been observed.7–12 

Encephalopathy of prematurity

The organ most vulnerable to the devastating effects of very preterm birth and the 
adverse influence of aforementioned pathogenic and environmental factors is the 
brain. The last trimester of gestation is a vital period for brain development. This stage 
of brain development is marked by the development of preoligodendrocytes and 
immature oligodendrocytes into mature myelinproducing oligodendrocytes, a peak 
in the amount of microglia in the white matter, active growth of axons, development 
of subplate neurons, and proliferation and migration of GABAergic interneurons 
to the cortex.13 Volpe13,14 extensively described the destructive effects of pathogenic 
factors, mainly hypoxia/ischemia and preand postnatal infection/inflammation, on 
these rapid processes causing brain injury and secondary maturational disturbances 
in the very preterm born infant. He used the term encephalopathy of prematurity to 
characterize the amalgam of lesions in white and gray matter that characterize the 
pre term brain. The neuropathology primarily involves periventricular leukomalacia 
(PVL), which is illustrated by focal and diffuse cerebral white matter injury, and 
neuronal and axonal deficits.13 Imaging studies at term equivalent age showed diffuse 
white matter atrophy, ventricular dilation, and reduced cortical and subcortical gray 
matter volumes.15,16

 
Long-term morbidities

The brain injury and maturational disturbances in the preterm neonate affect brain 
development and maturation later in life.17 Children and adolescents born very pre
term show abnormalities in white matter microstructure and white and gray matter 
volumes.18,19 These longterm brain alterations are reflected in the impaired long term 
neurodevelopmental outcomes in very preterm born children, adolescents, and young 
adults.20–22 Despite substantial decreases in mortality rates since the early 1990s, no 
decline was shown in longterm morbidity rates after very preterm birth.3 Together 
with stable or increasing preterm birth rates, this results in an increasing absolute 
number of very preterm born children with longterm impairments. Geographical 
cohort studies from Sweden,23 France,24 Australia,25 North America,26 and the United 
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Kingdom27 reported a 19–35% incidence of moderate to severe disabilities in early 
child hood in children born extremely preterm between 1995 and 2007. These dis
abilities include cerebral palsy, neurosensory disability, and cognitive impairment. 

Besides major disabilities, very preterm born children are at risk for more subtle 
impairments in a wide range of (neuro)developmental domains. Very preterm birth 
is associated with poorer intelligence,28 academic outcomes,21 and motor skills29 and 
an increased risk for behavioral and socioemotional problems21,30 in comparison to 
fullterm birth. Among extremely preterm born children, impairment rates in one 
or more of these domains were found to be as high as 70%.31 Studies on large cohorts 
(n > 200) of extremely and very preterm born children born between 1995 and 2005 
showed that cognitive outcomes of these children, as reflected in the intelligence 
quotient (IQ), were 0.7 to 1.3 standard deviations (SD) lower than the IQ scores of full
term born children, with the largest impairments found among the most immature 
children.23,24,32–35 Academic difficulties have been reported in reading and spelling but 
are most prominent in mathematics.36–38 As a result, extremely and very preterm born 
children and adolescents are two to six times more likely to receive special educational 
assistance than fullterm born peers.36,37,39–41 With respect to motor development, 
differences in motor skills between very preterm and fullterm born children at school 
age and adolescence were 0.6 to 0.7 SD.29 Behavioral problems in very preterm born 
children can be described by a clear behavioral phenotype characterized by attention, 
anxiety, and social problems.42 In addition, there is a typical absence of externalizing 
behavior problems in this population.42 This pattern of behavioral problems is 
mirrored in an increased prevalence of attentiondeficit/hyperactivity disorder, autism 
spectrum disorders, and emotional disorders among very preterm born children.42,43 

Cognitive, academic, motor, and behavioral functioning relies on an array of 
interrelated attentional and neurocognitive processes. The latter are often referred to 
as executive functions, which can be defined as “those capacities that enable a person 
to engage successfully in independent, purposive, selfserving behavior”.44 Impairments 
have been shown in a range of neurocognitive processes in very preterm born children. 
Studies found deficits in the control of attention, the maintenance and updating of 
information in working memory, the speed, efficiency and fluency of information 
processing, the ability to switch between tasks or mental sets, the inhibition of 
responses, and planning.21,45,46 In addition, deficits in sustained and selective attention 
have been reported.46–48
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Preterm birth: a major public health problem

Both short and longterm morbidities associated with very preterm birth place a 
significant burden on individuals and their families in the first place and on society in 
the second place. Infants born extremely preterm have been shown to have a consider
able need for special care services, regardless of their level of impairment.49 In a large 
French populationbased cohort, 42% of the children born extremely preterm and 31% 
of those born very preterm relied on special health care at 5 years of age compared to 
16% of their fullterm born peers.24 In a NorthAmerican cohort study, 65% of the 
8yearold children born with extremely low birth weight needed one or more special 
care services compared to 27% of the normal birth weight controls.50 Similar rates 
were found in a Swedish cohort study. Special care services were required by 67% of 
the extremely preterm born children at 11 years of age compared to 22% of the full
term born children.51 Now that individuals born preterm in the 1990s reach adulthood, 
it becomes evident that many of the cognitive and psychosocial problems persist into 
later ages.30 Intelligence, academic performance, and behavioral and socio emotional 
problems in childhood are related to physical and mental health, mortality, and life 
chances.52–58 Studies on cohorts born before 1990 have shown that lower gestational 
age was associated with decreased wealth and a higher risk for reliance on social 
security.59–61 Moreover, very preterm birth was associated with a decreased likeli hood 
of being in a longterm relationship and having children.60,61 In addition, a recent 
review reported an increased risk for pulmonary, cardiovascular, and neuro logical 
diseases and metabolic syndrome among preterm born individuals in adult hood.62 
These findings underscore the lifelong burden of very preterm birth. In addition to 
the impact on physical and mental health that places a significant burden on individuals 
and their families, preterm birth is associated with substantial costs for society. 
Estimation of the total costs is difficult. The most comprehensive, albeit somewhat 
outdated, estimation available is probably an analysis from the Institute of Medicine 
in the USA based on 23631 children born preterm between 1998 and 2001.63 The 
minimum societal cost of preterm birth was estimated at $26.2 billion per year. The 
costs were highest for extremely preterm born children ($6.1 million). Per infant, the 
estimated annual cost was $51.500.
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Improving neurodevelopmental outcomes

The central question is how to improve the longterm neurodevelopmental outcomes 
in very preterm born children. The most effective solution would be to prevent preterm 
birth. However, according to the Born Too Soon Preterm Prevention Analysis Group 
“very little reduction is currently possible” through existing interventions.4 The second
best solution would be to prevent injury and abnormal maturation of the neonatal brain 
in infants born very preterm. A wide range of intervention and prevention strategies 
is focused on the prevention of pathogenic factors, most importantly hemorrhage, 
hypoxia/ischemia, and infection/inflammation, or on reducing or restoring their 
adverse effects on the brain. One such strategy that was under study in the present 
thesis is the provision of glutamineenriched enteral nutrition in the neonatal period. 
The enteral supplementation of glutamine was previously found to reduce infectious 
morbidity64 and was associated with increased gray and white matter volumes at school 
age.65 However, no improvement of neurodevelopmental outcomes at school age was 
reported.66 Examples of other successful or promising strategies include the antenatal 
administration of corticosteroids, erythropoietin (EPO), or stem cell therapy (see Neil 
and Volpe67 for a comprehensive overview). Despite the advances in neonatal health 
care and the effort to protect the preterm brain, no improvements in both shortterm 
morbidities and longterm neurodevelopmental outcomes have been observed during 
the last decades, as was discussed in previous paragraphs. 

In addition to efforts to prevent preterm birth and injury to the preterm brain, 
interventions during (early) childhood have been proposed to improve the outcomes 
of very preterm born children. Early interventions (i.e. during the first year of life) that 
focused on the relationship between parents and infant and on infant development 
showed small effects on shortterm cognitive and motor outcomes, but no evidence was 
found for longterm improvements.68 Computerized neurocognitive training has been 
proposed to improve neurodevelopmental outcomes of children in various clinical 
populations. The bestknown and most popularized are working memory training 
programs. Despite bold claims of commercial parties and the wide utilization of such 
programs, a metaanalysis of 23 studies found no evidence that working memory 
training results in improvements of functioning in domains other than the trained 
working memory skills.69 A randomizedcontrolled trial in extremely preterm born 
children at school age found no evidence for benefits of working memory training 24 
months after completion.70 From the available evidence, it can be concluded that there 
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are currently no (early) childhood interventions available that have been proven to 
meaningfully improve neurodevelopmental outcomes in very preterm born children.

As long as preterm birth rates are not decreasing and no decline is observed in 
shortterm morbidities after very preterm birth, there is a large number of children 
with increased risks for longterm developmental impairments. Therefore, there is 
an urgent need for effective interventions and adequate support that optimize the 
outcomes after very preterm birth. Although there is increasing awareness of the need 
for longterm followup of these children, followup in many countries and institutes 
is limited to the infancy period. This is problematic for several reasons. First, the most 
widely used measures of cognitive and motor development in infancy and toddlerhood, 
the BSIDII and BayleyIII, were not sensitive to identify children with impairments at 
4 years71,72 and 10 years of age.73 This means that many children at risk for longterm 
impairments are not identified in infancy and may therefore not be closely monitored 
by specialized health care professionals in their further development. Second, teachers 
and educational psychologists, professionals that do have close contact with these 
children beyond toddlerhood, have been shown to lack knowledge of academic and 
developmental impairments in children born preterm, especially in the domains 
that are most affected by preterm birth.74,75 As a result, problems are likely to be only 
identified at a relatively late stage and may, by then, already have impacted the child’s 
functioning in other developmental domains. 

To improve the early identification of children at risk for poor outcomes and 
enhance these outcomes, it is first of all important to have a good understanding of 
the broad range of impairments that very preterm born children may experience at 
different stages of development. Although there is an increasing number of studies 
in adolescence and young adulthood, the majority of studies available pertain to 
young children. Adolescence is an important period of transition characterized by 
increased growth and maturation, resulting in improved physical and cognitive 
capabilities. However, there is also an increase in morbidity, mortality, and behavioral 
and emotional difficulties.76 Hence, it is important to increase our understanding of 
the functioning of very preterm born children in a broad range of domains during 
this critical period of transition to adulthood. In addition to insight in functioning in 
broad developmental domains, such as the cognitive, academic, and motor domain, 
insight in specific neurocognitive processes underlying functioning in these broader 
domains is of interest. While both general functioning and specific neurocognitive 
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processes have been studied in very preterm born children, these have rarely been 
linked. Such knowledge of the underlying mechanisms of general impairments in very 
preterm born children may aid the early identification of problems. For example, if it is 
known which specific neurocognitive deficits contribute to the academic difficulties of 
very preterm born children, future studies could assess whether these neurocognitive 
deficits can be observed early in development and could serve as early markers of 
academic difficulties before the child actually starts schooling. In addition to the early 
identification of impairments, knowledge of the underlying mechanism is crucial for 
the development of effective interventions as understanding the origin of a problem 
may be key to its solution. Lastly, the early identification of impairments after very 
preterm birth may be aided by the early identification of children at increased risk for 
poor outcomes. Insight in perinatal and demographic risk factors for poor outcomes 
may not only provide meaningful targets for prevention and intervention strategies, 
but may also help to determine which infants are at increased risk for poor outcomes 
and hence require close monitoring.

OBJECTIVES

The aims of this thesis were (1) to provide insight in the nature of the impairments in 
a broad range of neurodevelopmental and behavioral outcomes after very preterm birth, 
(2) to identify perinatal and demographic risk factors for poor neuro developmental 
outcomes after very preterm birth, (3) to study the longterm effects of glutamine  
en riched enteral nutrition on neurodevelopmental and behavioral outcomes at 13 
years of age, and (4) to increase the understanding of the underlying neurocognitive 
processes of these outcomes.
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STUDY DESIGN

With the exception of two metaanalyses, the studies in this thesis are based on data 
from the latest followup phase of the GlutamineEnriched Enteral Feeding (GEEF) 
study. The GEEF study included a Dutch cohort of infants born very preterm (< 32 
weeks’ gestation) or with very low birth weight (< 1500 grams) between September 2001 
and July 2003 and admitted to the level III neonatal intensive care unit of the Vrije 
Universiteit Medical Center in Amsterdam. During this period, 252 infants were born 
alive of whom 102 were enrolled in a randomized placebocontrolled trial to in
vestigate the effects of glutamineenriched enteral nutrition.77 Infants were excluded 
from participation in case of major congenital or chromosomal anomalies, death 
with in 48 hours after birth, transfer to another hospital within 48 hours after birth, 
and admission from an extraregional hospital. Within 48 hours after birth, infants 
were randomly allocated to receive either glutamine or alaninesupplemented enteral 
nutrition, which was administered in increasing doses between day three and 30 of 
life. The maximum dose in the glutaminesupplemented group was 0.3 g/kg/day. 

At one year of age, 88 (86%) of the 102 infants were alive and eligible for follow
up. The studies described in this thesis relate to the latest followup phase at 13 years 
of age. Children and their parents were invited to take part in the assessments focused 
on a broad range of developmental domains, including intelligence, academic perfor
mance, neurocognitive functions, motor skills, socioemotional, and behavioral func
tioning. Data were collected using questionnaires, clinical assessment instruments, 
ex peri mental neurocognitive tests, and an academic pupil monitoring system. In 
addition, advanced eye tracking and electroencephalography (EEG) techniques were 
used. Of the 88 children who were alive and eligible for followup at one year of age, 61 
(69%) children and parents were willing to participate at 13 years of age. Fiftyfive 
children agreed to participate in all assessments, while six children and parents only 
filled out questionnaires and provided academic performance data.
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THESIS OUTLINE

This thesis is divided into two parts. The first part discusses the nature and course of 
cognitive and academic functioning after very preterm birth, the association with 
perinatal and demographic factors, and the longterm neurodevelopmental effects of 
enteral glutamine supplementation. Central to the second part of the thesis is the under
standing of the neurocognitive and neurophysiological processes underlying cognitive, 
academic, motor, and social impairments in adolescents born very preterm. 

In chapter 2, a metaanalysis was conducted to study the academic performance 
of preterm born children in three academic domains: arithmetic, reading, and spelling. 
Moreover, the provision of special educational assistance was assessed. Different from 
previous metaanalyses, the study was restricted to children born since the introduction 
of antenatal steroids and surfactant therapy in the early nineties. Furthermore, meta
regression analyses were performed to study whether the variance in academic 
outcomes between studies was related to a range of perinatal and demo graphic factors. 
In chapter 3, the role of perinatal and demographic factors was further investigated. In 
a comprehensive metaanalysis including 71 studies, the cognitive abilities of children 
born extremely or very preterm were examined. The large number of studies sub
sequently allowed to conduct metaregression analysis with multiple variables to study 
whether the heterogeneity in cognitive outcomes between studies could be explained 
by combinations of perinatal and demographic factors. Moreover, it was investigated 
whether the dispersion in effect sizes across studies was related to the birth year of the 
cohort, the region of origin of the study, study quality, and the type of IQ test that was 
used. Crucial to survival, growth, the prevention of neonatal complications that were 
studied in chapter 2 and 3, and functional outcomes is the provision of adequate 
nutritional support to the preterm infant. Chapter 4 describes the effects of enteral 
glutamine supplementation in the neonatal period on children’s neurocognitive, 
academic, motor, and behavioral functioning at 13 years of age. The studies presented 
in the subsequent chapters (5–10) are based on the same sample of very preterm born 
children. Hence, the effects of the intervention are taken into account in the studies 
presented in all following chapters. While studies generally report poorer cognitive 
and academic performance in very preterm compared to fullterm born children, 
little is known about the developmental trajectories after very preterm birth. Such 
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knowledge provides important insight in the expected developmental trajectory and 
is crucial for monitoring and support of these children. Therefore, a longitudinal study 
of academic performance of very preterm and fullterm born children in grade 1 to 6 
of primary school (age ~6–12 years) was presented in chapter 5. 

To improve the understanding of the neurocognitive processes underlying 
academic difficulties after very preterm birth, the role of working memory, attentional 
processes, and processing speed was assessed in chapter 6. In chapter 7, the focus was 
on the control of attention, an ability that is strongly associated with academic 
performance and intelligence. Saccadic eye movements were studied to investigate the 
voluntary and involuntary control of attention. Moreover, the association between 
attentional control processes and symptoms of inattention, cognitive impairment, and 
academic difficulties after very preterm birth was explored. Such control processes 
may not only be involved in cognitive and academic domains of development, but may 
also play an important role in social adjustment during adolescence. The study in 
chapter 8 aimed to increase the understanding of social adjustment and symptoms of 
autism spectrum disorder in adolescents born very preterm by investigating the medi
ating role of cognitive control processes in the relation between very preterm birth 
and social adjustment. In addition, facial emotion recognition abilities were assessed 
in both very preterm and fullterm born adolescents and related to their social 
adjustment. In order to improve on the limited knowledge on the neuronal mechanisms 
underlying neurodevelopmental impairments after very preterm birth, an EEG study 
was conducted. As described in chapter 9, patterns of brain oscillations with different 
frequencies were examined in very preterm and fullterm born adoles cents to discrim
inate between subgroups with different patterns of brain oscillations. Subsequently, 
these oscillatory patterns were linked to intelligence, academic perfor mance, and 
motor skills. For the development of effective interventions to support very preterm 
born children, it is important to gain insight in learning processes in this population. 
Insight in learning mechanisms that do not heavily rely on cognitive control processes 
is of particular interest, given the deficits in cognitive control after very preterm birth. 
Such learning mechanisms may provide a promising approach for intervention in this 
population. Chapter 10 therefore presents a study on implicit learning abilities in very 
preterm born adolescents.
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The thesis is concluded with a general discussion and summary of the thesis 
in chapter 11 and 12, respectively. The findings of the studies presented in previous 
chapters are summarized and an elaborate discussion of the meaning of these findings 
for the understanding of longterm neurodevelopmental outcomes after very preterm 
birth is provided. Finally, a view on progress and future challenges in the study of long
term neurodevelopmental outcomes after very preterm birth and the improvement of 
these outcomes is presented.
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