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Chapter 1

GENERAL INTRODUCTION 

AND OUTLINE OF THE THESIS

ELISE ROZE



Functional Development at School Age of Newborn Infants at Risk

The main goal of this thesis is to establish the long-term, school age outcome of 

newborn infants with perinatal risk factors of adverse outcome. Early in the life 

of newborn infants major steps in brain development take place. These form the 

basis of ongoing neuronal ripening and outgrowth that continues from childhood 

well into adolescence.1 The organization of brain structures throughout this 

period are important for the child’s motor, cognitive, and behavioral functioning 

later in life. Several environmental aspects during prenatal and postnatal life may 

interfere with developmental processes in a child’s brain. To various degrees these 

may have an impact on long-term development. On the one hand, persistent 

environmental pollutants and deficiencies of nutritional components such as 

long-chain polyunsaturated fatty acids, to which the whole population is more or 

less exposed, are known to have mild effects on the development of the central 

nervous system. On the other hand, preterm birth and neonatal disease, both of 

which occur less frequently, have a much greater impact on neurodevelopment.

Environmental Pollutants

Prenatal exposure to environmental pollutants may lead to less optimal conditions 

for brain development in fetal life. Examples of environmental pollutants are 

organohalogens, used extensively as flame retardants as well as in other 

industrial applications. During pregnancy, these compounds are transferred 

across the placenta to the fetus. During this critical period for fetal growth and 

development, these compounds may interfere with brain development by 

disrupting neurotransmitters and interfering with endocrine systems.2,3 Animal 

studies indicated that prenatal exposure to different brominated flame retardants 

may cause long-lasting behavioral alterations, particularly in motor activity and 

cognitive behavior.4,5 To date, the long-term effects of prenatal exposure to 

environmental pollutants in humans have not been investigated. We hypothesized 

that brominated flame retardants may have subtle effects on motor, cognitive, and 

behavioral outcome in children at school age. 
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Preterm Birth

Preterm birth, a relative common complication of pregnancy, has a considerable 

impact on the neurodevelopment of newborn infants. Overall, 8% to 12% of all births 

occur before 37 weeks of gestation. Very preterm births (<32 weeks of gestation) 

occur in around 1% to 2% of pregnancies. Over the past decades, advances in 

neonatal intensive care have led to a decrease in the mortality of infants born 

preterm. As a consequence, more and more surviving children of very low birth 

weight, i.e. below 1500 grams, now participate in everyday life, school, and reach 

adulthood. Throughout their lives, however, the long-term neurodevelopmental 

impairments following preterm birth remain a significant problem. 

Perinatal and Neonatal Risk Factors for Adverse Outcome

Preterm infants are exposed to various extra-uterine characteristics that may 

interfere with developmental processes that would normally take place in utero. 

They may, for example, lead to altered oxygen delivery to body and brain tissue, 

changes in cerebral blood flow and metabolism, and altered nutritional delivery. 

Changes in these physiological processes may lead to less optimal conditions 

for brain development and may contribute to the risk of brain damage. Indeed, 

low gestational age and low birth weight are well known risk factors for adverse 

neurodevelopmental outcome.6 

In addition, several diseases of the neonatal period have been identified as risk 

factors for neurodevelopmental impairments among preterm infants. These 

diseases can be classified into overt types of brain injury that directly affect the 

structure and organization of the brain, or systemic diseases of which one would 

not in itself expect a direct influence on brain development, even though these 

diseases are associated with adverse neurodevelopmental outcome.

Overt Brain Injury in the Newborn Period

Overt, focal types of brain injury typically found in preterm infants include germinal 

matrix hemorrhages-intraventricular hemorrhages and lesions affecting white 

matter such as periventricular leukomalacia and periventricular hemorrhagic 

infarction (Figure 1).7 Perinatal ischemic stroke is another type of brain lesion that 
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is found mainly in fullterm infants. This lesion is characterized by focal disruption 

of cerebral blood flow secondary to either arterial or venous thrombosis or 

embolization (Figure 1). These different types of brain injury are associated with 

the development of cerebral palsy.8-10 

Figure 1. Cranial ultrasound scans of an infant with periventricular hemorrhagic infarction in (a) a coronal 
and (b) sagittal plane, and (c) Magnetic Resonance Images of an infant with perinatal ischemic stroke at 
the cortical level and (d) the level of the basal ganglia 
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Systemic Diseases in the Newborn Period

Systemic diseases in preterm infants that may arise in the neonatal period 

include sepsis, necrotizing enterocolitis, and bronchopulmonary dysplasia 

following prolonged ventilatory support. Although these infants do not often 

exhibit abnormalities on cranial ultrasound scans, they still have adverse 

neurodevelopmental outcome at 2 years of age.11-13 Various authors suggested that 

inflammation may lead to more diffuse types of brain damage in these infants.14-

16 The effect of these diseases on long-term motor, cognitive, and behavioral 

functioning is unknown.

Long-term Outcome

While the rates of major handicaps among preterm-born children have remained 

relatively constant over the last decade, the prevalence of milder dysfunctions 

seem to be increasing. Cognitive, behavioral, and mild motor problems without 

major motor deficits are now the most dominant neurodevelopmental sequelae in 

children born preterm.17,18 

Motor Outcome

One of the most well-recognized motor impairments following preterm birth is 

cerebral palsy (CP). This permanent, non-progressive neurological condition occurs 

in around 5% to 10% of very low birth weight infants.19,20 It involves disorders of 

movement, posture, and motor function and may lead to limitations in performing 

daily activities. Gross motor functioning in children with CP and the impact on 

everyday routines can be assessed with the Gross Motor Function Classification 

System (GMFCS). This is a functional, five level classification system for CP based 

on self-initiated movement with particular emphasis on sitting (truncal control) and 

walking.21 Children with CP can present with additional neurosensory deficits such 

as deafness, visual impairment, and epilepsy. Rates of CP are found to decrease 

over time (Figure 2). In a recent study from the Netherlands the incidence of CP was 

found to have decreased to 2.2% in preterm infants born <34 weeks of gestation 

in 2005.22
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Error bars represent the standard error. Adapted from Platt MJ et al.23

Nevertheless, many preterm children who do not develop CP may still present 

with impaired motor skills. A recent meta-analysis on the prevalence of motor-skill 

impairment in preterm children without CP reported a pooled estimate of 40.5% 

for mild to moderate impairment (defined as 5th to 15th percentile on standardized 

tests) and 19.0% for moderate impairment (defined as < 5th percentile).24 The latter is 

frequently found in children with Developmental Coordination Disorder (DCD).

Intellectual and Neuropsychological Outcome

Cognitive problems are increasingly recognized among preterm-born children without 

major handicaps.25 Previous studies reported intelligence quotients that were 4 to 10 

points lower in preterm children compared to fullterm controls. This equals a decline 

of 0.3 to 0.6 standard deviations.25-27 In addition, higher percentages of preterm-born 

children have borderline IQ scores (i.e. IQs between 70 and 85) with a prevalence of 

15% to 37% compared to their term-born peers.28,29 In addition, in a meta-analysis 

of 1556 cases, Bhutta et al. showed that there is an inverse relationship of both birth 

weight and gestational age with intellectual development in preterm-born children at 

school age.6 Figure 3 shows that especially in the lower gestational age ranges there 

is a steep decline in intellectual functioning.
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Figure 2 Gestational-age-specific birth prevalence of cerebral palsy (3-year 
moving average), from nine European centers, 1981–1995
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The figure is based on a meta-analysis by H. Lagercrantz of studies by D. Wolke and N. Marlow.30

The cognitive impairments found in preterm children are not restricted to  

a poorer intellectual development detected as lower intelligence. Specific 

neuropsychological functions like attention, visuomotor integration, and executive 

functioning can also be affected.27,31,32 These functional impairments are likely  

to have an impact on daily life and academic performance.33-35 These so-called ‘high 

prevalence, low severity’ impairments occur in more than 50% of children born preterm 

with very low birth weights, and often do not occur in isolation.18 Their pathogenesis is 

still largely unclear, although a lower gestational age is a prominent factor.

Behavioral Outcome

Behavioral problems that frequently occur in preterm-born children are attention deficit 

hyperactivity problems, emotional problems, and autism spectrum disorders.17,36 It has 

been estimated that between 13% to 30% of preterm-born children have behavioral 

problems in childhood and adolescence.37-39 A meta-analysis by Bhutta et al. using 
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formal diagnostic criteria (the Diagnostic and Statistical Manual), found a pooled 

relative risk of attention deficit hyperactivity disorder of 2.64 for preterm-born children 

compared to controls.6 

Children’s competencies and behavioral and emotional problems can be assessed 

by a parental questionnaire, the Child Behavior Checklist (CBCL).40 A study by 

Reijneveld et al. showed that around 13% of preterm-born children without overt 

brain lesions have behavioral problems that can be detected with the CBCL.41 Both 

internalizing and externalizing problems were found, with social and attentional 

behavior most frequently affected. The exact pathophysiology of behavioral disorders 

among preterm-born children is unclear, but an interaction between neurobiological 

vulnerability and environmental aspects seems likely.42 The role of specific neonatal 

morbidities in behavioral problems remain to be elucidated.

Functional Outcome at School Age

When performing follow-up studies to determine the effect of disease in early life on 

long-term outcome, it is important to think about which tests to use and at what age 

certain skills can best be assessed. We were particularly interested in the functional 

outcome of children, i.e. their motor, cognitive, and behavioral functioning. The aim of 

functional assessment is to determine a child’s ability to perform essential everyday 

tasks and to fulfill the social roles expected of a physically and emotionally healthy 

individual of the same age and culture.43

Regarding the child’s age at testing, school age is a more reliable age on which 

to base a prediction on functioning in later life and adulthood than, for example, 

toddler age. It is often not until school age that impairments in motor, cognitive, and 

behavioral functioning come to light. The reason being that at school age functional 

demands are higher than at younger ages. Also, from 6 years of age onwards, a wider 

variety of tests are available and more precise assessment of attention and school 

achievement is possible. Previously existing problems, not apparent earlier, become 

evident at school age when functions involving these deficits are challenged.44 There 

is growing evidence of an increased incidence of cognitive and functional disability 

among preterm-born children at school age.17,45 Moreover, at school age academic 

achievements can also be measured and later correlated to outcome in adulthood.
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How Various Aspects of Neurodevelopment Interrelate 

The motor, cognitive, and behavioral problems following preterm birth often do not 

occur in isolation. We know, for example, that children with cerebral palsy are at 

increased risk of cognitive and behavioral impairments, which may be associated 

with the specific types of brain injury they suffered.46,47 In children with ‘high 

prevalence, low severity’ impairments, however, these relationships are less clear. 

Since most studies on neurodevelopmental outcome of preterm infants describe 

group means on motor, cognitive, and behavioral tests, we know little about the 

co-occurrence of impairments in functions among individual children. Regarding 

neuropsychological functions, it is unclear how many preterm-born children suffer 

from impairments in one or multiple domains and how neuropsychological functions 

interrelate. Some studies reported that specifically preterm children with low 

intelligence are at risk of developing problems in attention, memory, and executive 

functions,48,49 while other studies suggested there may be preterm children with 

specific neuropsychological dysfunctions in whom intellectual development is 

preserved.50,51 

Another issue is that of the stability of test scores obtained from birth until 

school age. The majority of outcome studies of preterm-born children consider 

neurodevelopmental outcome at two years of age assessed with the Bayley Scales 

of Infant Development, as a measure for long-term development. We know that in 

high-risk infants, such as extreme low birth weight infants, early neurological tests 

scores have a strong predictive value for functioning later in life. Less is known, 

however, about the stability of developmental trajectories in children with only a 

mild risk of adverse outcome, or in healthy, term-born children. 

Prediction of Outcome in the Early Period

In order to guide treatment and to counsel parents we need predictors of 

neurodevelopmental outcome of preterm and ill fullterm infants for the neonatal 

period. In addition, early identification of infants at risk of mild to moderate motor, 

cognitive, and behavioral impairments could lead to early implementation of 

individual intervention strategies in order to improve long-term outcome. 

Knowledge of the effects of specific neonatal diseases on long-term outcome 
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may contribute to making reliable prognoses in the neonatal period. In addition, 

neonatal assessment methods such as the Nursery Neurobiological Risk Score 

(NBRS) and the Score for Neonatal Acute Physiology (SNAP), both of which aim 

to summarize illness severity in newborn infants in their first days to weeks of 

life, may also contribute to reliable estimates of neurodevelopmental outcome. 

Although NBRS scores in relation to long-term outcome have never been studied, 

previous studies did show that higher NBRS scores are associated with mental, 

motor, and neurological impairments at 2 years of age.52 

In addition, several techniques are available to assess the integrity of the central 

nervous system of newborn infants shortly after birth. These include neuroimaging 

techniques such as cranial ultrasound (CUS) and magnetic resonance imaging 

(MRI), the observation and assessment of the quality of spontaneous general 

movements, and the neonatal neurological examination.

The increased use of CUS and MRI in the neonatal period has led to an increased 

understanding of common cerebral pathologies in newborn infants and global brain 

development after preterm birth. Global white matter damage revealed by CUS and 

MRI is quite common in children born preterm, and relations with motor function 

have been found in the short-term.53,54 To date, clear associations of cognition 

with pathological changes on neuroimaging have not been demonstrated beyond 

doubt.55 This also holds for mild motor impairments in the long-term. 

New imaging techniques may provide insight into microstructural changes in preterm 

brain development. One such technique, diffusion tensor imaging (DTI), studies 

the diffusion properties of water among different regions of the brain. Quantitative 

measures derived from DTI provide an objective and reproducible assessment of 

white matter and provides insights into neonatal brain development and injury.56-59 

These quantitative measures include the apparent diffusion coefficient (ADC), a 

measure of the overall magnitude of water diffusion, and fractional anisotropy (FA) 

(the fraction of diffusion that can be attributed to anisotropic diffusion). Additionally, 

DTI allows us to visualize white matter tracts such as the corticospinal tract in-vivo. 

In diffusion tractography it is assumed that the direction of greatest diffusion in an 

imaging voxel is parallel to the underlying dominant fibre orientation. By following 

this direction of greatest diffusion on a voxel by voxel basis, it is possible to 
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generate three dimensional reconstructions of white matter tracts. This technique 

allows the quantitative assessment of white matter tracts in regions of relatively 

low FA such as in unmyelinated white matter in the neonatal brain.60,61 As yet, the 

prognostic value of diffusion characteristics of the corticospinal tract for motor 

outcome in newborn infants with focal brain injury is unknown.

Aims of the thesis

Our main aim was to establish the motor, cognitive, and behavioral outcome of 

newborn infants with perinatal risk factors for adverse outcome at school age. Our 

secondary aims were two-fold:

I.  to investigate the interrelationship between motor, cognitive, and 

neuropsychological development up to school age in preterm- born infants 

compared to healthy, fullterm infants and 

II.  to relate perinatal and cerebral characteristics of newborn infants to long-

term neurodevelopmental outcome.

Part 1.   Functional outcome of infants exposed prenatally to environmental 

pollutants 

  In Part 1 we describe the outcome at school age of healthy Dutch children 

who were exposed prenatally to environmental pollutants. In Chapter 2 we 

describe the influence of prenatal exposure to organohalogen compounds, 

including widely used brominated flame retardants, on motor, cognitive, 

and behavioral outcome in healthy term-born children at school age.

Part 2.  Functional outcome of newborn infants with brain injury

  Part 2 of the thesis reviews the outcome of newborn infants with 

different types of brain injury and assesses the relation between cerebral 

characteristics and outcome. In Chapter 3 we determine risk factors 

for adverse outcome (i.e. mortality and motor outcome at 18 months 

of age) in preterm infants with periventricular hemorrhagic infarction. In 

Chapter 4 we establish the functional outcome at school age, i.e. the 

motor, cognitive, and behavioral outcome, of preterm-born children with 
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periventricular hemorrhagic infarction. We also describe cerebral risk 

factors for adverse outcome. In Chapter 5 we describe the neurological 

outcome of fullterm infants with neonatal seizures who required two or 

more anti-epileptic drugs. We also determine the prognostic value of 

treatment efficacy and seizure etiology for outcome. In Chapter 6 we 

describe a novel technique, DTI, to assess diffusion characteristics of the 

corticospinal tracts in newborn infants with focal neonatal ischemic brain 

lesions, and the relation between conventional MRI and tractography 

findings with later motor function in these infants.

Part 3.   Functional outcome of newborn infants with systemic diseases

  Part 3 reviews the functional outcome of preterm and term-born infants 

with systemic diseases in the neonatal period and the role of inflammation 

on development at school age. In Chapters 7 and 8 we describe functional 

impairments in motor, cognitive, and behavioral development at school 

age of preterm-born children with necrotizing enterocolitis, spontaneous 

intestinal perforation and sepsis in which inflammation played a key role. 

In Chapter 9 we establish the outcome at school age of newborn infants 

with intestinal obstructions treated surgically during their first days of life. 

In this intestinal condition inflammation does not play a prominent role.

Part 4.  Functional outcome: How various aspects of neurodevelopment 

interrelate 

  The final part of the thesis focuses on developmental processes and the 

association between various developmental domains in preterm-born and 

term-born children. In Chapter 10 we describe developmental trajectories 

of healthy term-born children until school age. More specifically, we 

determine the stability of scores on motor development tests from birth 

until school age, and we determine the added value of the scores on early 

motor tests for complex cognitive functions at school age. In Chapter 11 

we establish the neuropsychological profiles at school age of a cohort of 

very preterm-born children compared to term-born controls. In addition, we 



23Chapter 1   General Introduction and Outline of the Thesis  

describe their relation with academic performance, and identify neonatal 

characteristics related to the neuropsychological profiles of preterm-born 

children at school age. 

  In Chapter 12 we provide a general discussion of our findings and some 

future perspectives. In Chapter 13 we summarize the findings set out in 

this thesis in English and Dutch.
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