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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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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 



Functional Development at School Age of Newborn Infants at Risk

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 
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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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Abstract

Background 

Organohalogen compounds (OHCs) are known to have neurotoxic effects on the 

developing brain. 

Objective

 We investigated the influence of prenatal exposure to OHCs, including brominated 

flame retardants, on motor, cognitive, and behavioral outcome in healthy children 

of school age.

Methods

 This study was part of the prospective Groningen infant COMPARE (Comparison 

of Exposure-Effect Pathways to Improve the Assessment of Human Health 

Risks of Complex Environmental Mixtures of Organohalogens) study. It included 

62 children in whose mothers the following compounds had been determined 

in the 35th week of pregnancy: 2,2´-bis-(4 chlorophenyl)-1,1´-dichloroethene, 

pentachlorophenol (PCP), polychlorinated biphenyl congener 153 (PCB-153), 

4-hydroxy-2,3,3´,4´,5-pentachlorobiphenyl (4OH-CB-107), 4OH-CB-146, 4OH-CB-

187, 2,2´,4,4´-tetrabromodiphenyl ether (BDE-47), BDE-99, BDE-100, BDE-153, 

BDE-154, and hexabromocyclododecane. Thyroid hormones were determined 

in umbilical cord blood. When the children were 5–6 years of age, we assessed 

their neuropsychological functioning: motor performance (coordination, fine motor 

skills), cognition (intelligence, visual perception, visuomotor integration, inhibitory 

control, verbal memory, and attention), and behavior.
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Results

 Brominated flame retardants correlated with worse fine manipulative abilities, 

worse attention, better coordination, better visual perception, and better behavior. 

Chlorinated OHCs correlated with less choreiform dyskinesia. Hydroxylated 

polychlorinated biphenyls correlated with worse fine manipulative abilities, 

better attention, and better visual perception. The wood protective agent (PCP) 

correlated with worse coordination, less sensory integrity, worse attention, and 

worse visuomotor integration.

Conclusions

 Our results demonstrate for the first time that transplacental transfer of 

polybrominated flame retardants is associated with the development of children at 

school age. Because of the widespread use of these compounds, especially in the 

United States, where concentrations in the environment are four times higher than 

in Europe, these results cause serious concern.
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Introduction

Organohalogen compounds (OHCs) are toxic environmental pollutants used 

extensively in pesticides, flame retardants, hydraulic fluids, and in other industrial 

applications.1 They are ubiquitously present in the environment, both in neutral 

and in phenolic form.2 OHCs are known to bioaccumulate because of their high 

lipophilicity and resistance to degradation processes3 and have been detected 

in human adipose tissue and blood.4 In pregnant women these compounds 

are transferred across the placenta to the fetus.5,6 During this critical period of 

fetal growth and development, there is a risk for damage of the central nervous 

system because OHCs may interfere with developmental processes in the brain. 

Some compounds have effects on neuronal and glial cell development and are 

associated with disruption of neurotransmitters. Others interfere with endocrine 

systems, such as thyroid and sex hormones.7,8 OHCs may also produce their toxic 

effects through other pathways that are currently not well understood.

Previous studies in humans on the effect of prenatal OHC exposure on outcome 

reported that polychlorinated biphenyls (PCBs) have adverse effects on neurologic 

performance and cognitive development at 6–11 years of age.9-13 Knowledge of 

the neurotoxicity of PCBs led to their abandonment in most Western countries in 

the late 1970s. Despite this, metabolites of PCBs, the hydroxylated PCBs (OH-

PCBs), are still present in high concentrations in maternal serum.6,14 Previous 

studies postulated that OH-PCBs are even more toxic to brain development 

than are PCBs.15,16 The long-term effect of prenatal OH-PCB exposure on human 

development is unknown.

Brominated flame retardants such as polybrominated biphenyls (PBBs) and 

poly-brominated diphenyl ethers (PBDEs) were introduced as the new, allegedly 

harmless, successors of PCBs. However, the effect of prenatal exposure to 

brominated flame retar-dants on neurodevelopmental outcome at school age has 

never been investigated.
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The primary aim of this explorative study was to investigate the influence of 

prenatal OHC exposure, including OH-PCBs and PBDEs, on motor, cognitive, and 

behavioral outcomes in healthy Dutch children at 5–6 years of age.

OHCs are also known to influence fetal thyroid hormone levels.17 Because thyroid 

hormones are involved in neurodevelopmental processes, our second aim was 

to investigate whether thyroid hormone levels at birth were related to outcome in 

these children.
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Materials and Methods

Cohort Selection and Sampling

This prospective cohort study is part of the Groningen infant COMPARE 

(Comparison of Exposure-Effect Pathways to Improve the Assessment of Human 

Health Risks of Complex Environmental Mixtures of Organohalogens) (GIC) study 

launched within the European COMPARE study. The cohort of the GIC study 

consisted of 90 white, healthy pregnant women randomly selected from those 

who had given birth to a healthy, full-term, singleton infant and lived in the northern 

provinces of the Netherlands.6 All the women who had registered with midwives 

between October 2001 and November 2002 in the province of Groningen were 

invited to participate in the study.

To determine the concentrations of the neutral and phenolic OHCs, blood (30 

mL) was taken from the women at the 35th week of pregnancy. The blood was 

centrifuged at 3,600 rpm for 10 min, and the serum was collected and stored in 

acetone-prewashed glass tubes at –20°C until analysis.

Chemical Analyses

Chlorinated OHCs [PCB-153 and 2,2´-bis-(4 chlorophenyl)-1,1´-dichloroethene 

(4,4´-DDE)], OH-PCBs (4OH-CB-107, 4OH-CB-146, and 4OH-CB-187), and a 

wood protective agent, pentachlorophenol (PCP), were analyzed in 90 serum 

samples taken at the 35th week of pregnancy. Because of financial constraints, 

brominated flame retardants [BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, 

and hexabromocyclododecane (HBCDD)] were analyzed in 69 randomly selected 

serum samples taken at the 35th week of pregnancy. Mean levels of BDEs 47, 99, 

and 100 measured in blank samples were subtracted from values measured in 

study samples to correct for background exposures (4.8, 1.9, and 0.8 pg/g serum, 

respectively). Samples that were below the limit of detection (LOD) for BDE-47 

(n=2), BDE-99 (n=3), or BDE-100 (n=3) [0.08–0.16 pg/g serum]6 were assigned a 

concentration of 0 for analyses. Chemical and lipid analyses were performed as 

described elsewhere.6
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Thyroid Hormone Analyses

Thyroxin (T4), free T4, reverse triiodothyronin (rT3), triiodothyronin (T3), thyroid-

stimulating hormone (TSH), and thyroid-binding globulin levels were determined in 

the umbilical cord blood of the 90 women, provided that enough cord blood was 

available to perform the analyses.

Follow-up

We intended to include the 69 children for whom all the neutral and phenolic OHC 

concentrations had been determined. The children were invited prospectively to 

participate in an extensive follow-up program that assessed motor performance, 

cognition, and behavior at 5–6 years of age. Parents gave their informed consent 

for themselves and their children to participate in the follow-up program before 

the study. The study was approved by the Medical Ethical Committee of the 

University Medical Center Groningen and complied with all applicable international 

regulations.

Motor Outcome

To determine the children’s motor outcomes, we administered the Movement 

ABC, a standardized test of motor skills for children 4–12 years of age.18 This test, 

which is widely used in practice and in research, yields a score for total movement 

performance based on separate scores for manual dexterity (fine motor skills), ball 

skills, and static and dynamic balance (coordination). Items on the Movement ABC 

included, for example, posting coins in a bank box, drawing a line between two 

existing lines of a figure, catching a bean bag, and jumping over a rope. The test 

required 20–30 min to administer. The tasks that make up the Movement ABC are 

representative of the motor skills that are required of children attending elementary 

school and are adapted to the children’s ages.

Supplementary to the Movement ABC, we assessed qualitative aspects of 

coordination and balance and fine manipulative abilities and the presence of 

choreiform dyskinesia, associated movements, sensory integrity, and tremors 

with Touwen’s age-specific neurologic examination.19 Approximately 20–30% 

of children from the general population obtain nonoptimal scores on one or two 
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clusters of neurologic functions on Touwen’s neurologic examination. If a child’s 

score is nonoptimal on a specific item of the examination, the total score can still 

be within the normal range.20,21

Finally, we administered the Dutch version of the Developmental Coordination 

Disorder Questionnaire (DCD-Q).22 This questionnaire, which is filled out by the 

parents, was developed to identify motor problems in children ≥ 4 years of age. 

It contains 17 items relating to motor coordination, which are classified into 

three categories: control during movement, fine motor skills/writing, and general 

coordination.

Cognitive Outcome

Total, Verbal, and Performance Intelligence levels were assessed using a short 

form of the Wechsler Preschool and Primary Scale of Intelligence, revised (WPPSI-

R).23 Examples on items of the WPPSI-R are vocabulary, picture completion, and 

reproduction of block designs.

In addition, we assessed several neuropsychological functions to investigate whether 

these were impaired by prenatal OHC exposure. They were assessed by subtests 

of the NEPSY-II (Neuropsychological Assessment, 2nd ed.), a neuropsychological 

battery for children.24 Central visual perception was assessed using the “geometric 

puzzles” subtest, in which the child is asked to match two shapes outside a grid with 

shapes inside the grid. Visuomotor integration was assessed by the “design copying” 

subtest, in which the child is asked to reproduce geometric forms of increasing 

complexity. Visuomotor integration involves the integration of visual information 

with finger–hand movements. Furthermore, we assessed inhibitory control with the 

“inhibition” subtest, which assesses the inhibitory control of automated behavior. 

In the first timed task, the child is asked to name a set of figures (i.e., squares and 

circles); in the second timed task, the child is asked to name the opposite of what 

is shown (i.e., squares instead of circles and circles instead of squares).

We assessed verbal memory using a standardized Dutch version of the Rey’s 

Auditory Verbal Learning Test (AVLT).25 This test consists of five learning trials with 

immediate recall of words (tested after each presentation), a delayed recall trial, 

and a delayed recognition trial.25
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We measured sustained attention and selective attention with the two subtests 

“Score!” and “Sky Search” of the Test of Everyday Attention for Children.26 

Sustained attention involves maintaining attention over an extended period of 

time. Selective attention refers to the ability to select target information from an 

array of distracters.27 For example, the children were asked to count tones in 10 

items, varying from 9 to 15 tones per item.

The total duration of the follow-up was approximately 2.5 hr. Test scores obtained 

when a child was too tired and uncooperative, as assessed by the experimenter, 

were excluded.

Behavioral Outcome

To obtain information on the children’s competencies and their behavioral and 

emotional problems, the parents completed the Child Behavior Checklist (CBCL)28 

and the teachers filled out the Teacher’s Report Form.28 These questionnaires 

consist of a total scale and two subscales: internalizing problems (emotionally 

reactive, anxious/depressed scales, somatic complaints, withdrawn behavior) and 

externalizing problems (attention problems and aggres-sive behavior).

In addition, the parents filled out an attention deficit/hyperactivity disorder 

(ADHD) questionnaire that contains 18 items on inattention, hyperactivity, and 

impulsivity.29

To gain insight in the socioeconomic status (SES) and home environmental factors 

that may influence development, the highest level of maternal education and the 

Home Observation for Measurement of the Environment (HOME) questionnaire 

were assessed during the first year after birth during an earlier stage of the GIC 

study.6
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Statistical Analyses 

Chemical values are presented as medians with range because of the skewed 

distribution. Neutral compounds are expressed on lipid weight basis (nanograms 

per gram lipid) and phenolic compounds on fresh weight basis (picograms per 

gram serum). To compare the scores on the Movement ABC and cognitive tests 

with the reference values, we classified the scores into “normal” (> 15th percentile), 

“subclinical” (5th to 15th percentile), and “clinical” (≤ 5th percentile). We classified 

the questionnaires according to the instructions in the manual that provides 

the percentiles corresponding to the raw scores. The results on the neurologic 

examination are reported as percentage of children with nonoptimal function. We 

calculated intelligence quotient (IQ) scores by deriving the standard scores from 

the mean of the scores on the verbal and performance subtests. Because no Dutch 

norms are available for the NEPSY-II, we used the American norms to classify the 

scores of the children into percentiles. For the AVLT, we used the Dutch norms for 

children of 6 years of age. The Kolmogorov–Smirnov test was used to determine 

which neutral and phenolic OHC concentrations and outcome measures were 

distributed normally. We used the Pearson correlation for normally distributed 

variables and the Spearman’s rank correlation for nonnormally distributed variables, 

to relate the OHC concentrations to motor, cognitive, and behavioral outcome. 

The raw scores of the outcome variables were used for these calculations. Where 

appropriate, the test scores were inversely transformed so that for all tests higher 

scores indicated better outcomes. We used the Mann–Whitney U-test to relate the 

neurologic outcome (normal or abnormal) to OHC concentrations.

We corrected cognition and behavior of the children for SES and HOME, because 

these factors may exert an influence on the cognition and behavior of the children.30 

We also investigated whether sex influenced the outcome measures in our study 

group (Mann–Whitney U-test). If so, we corrected for sex on that outcome measure. 

The corrections were performed by means of partial correlations controlling for 

confounders.
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When correlations between OHCs and outcome did not reach significance, we 

explored their relationship by means of scatterplots, to determine whether some 

other, nonlinear relationship existed.

In this article, negative correlations indicate that higher OHC concentrations were 

related to worse outcome and positive correlations indicate that higher OHC 

concentrations were related to better outcome. Throughout the analyses, p<.05 

was considered to be statistically significant. SPSS 14.0 software for Windows 

(SPSS Inc, Chicago, IL, USA) was used for all the analyses.
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Results

Of the 69 children invited, 62 (90%) participated in the follow-up program. Six sets 

of parents declined the invitation to participate. One girl had to be excluded because 

she suffered severe cognitive impairment of unknown origin and therefore could not 

be tested. The OHC concentrations of the seven children not followed up were not 

different from those who did participate.

Table 1 shows the concentrations of the neutral and phenolic OHCs measured at 

the 35th week of pregnancy of the 62 mothers and the concentrations of the thyroid 

hormones in the umbilical cord blood of 51 mothers. 

The mean maternal age was 32 years (range, 24–42 years). The highest level of maternal 

education was primary school for 4 mothers, secondary school for 30 mothers, and 

tertiary school for 28 mothers. The mean score on the HOME questionnaire was 33 

(range, 24–37).

Outcome at School Age

The cohort consisted of 38 boys and 24 girls. The mean age at follow-up was 5 

years 10 months (range, 5 years 8 months to 6 years 2 months). Table 2 presents an 

overview of the children’s motor, cognitive, and behavioral outcomes. We excluded 

the test scores of two children on inhibition and sustained attention and scores of 

one child on visual perception and verbal memory, because they were too tired and 

uncooperative to attend the assessment. Their OHC concentrations were not different 

from those who did participate.

The scores of the children were comparable to the reference values, except for selective 

attention, verbal memory, and internalizing and externalizing behavioral problems, on 

which the children obtained slightly worse scores compared with the reference values. 

The mean (± SD) for total IQ of the children was 103 ± 9 (range, 82–125); mean verbal 

IQ, 102 ± 9 (range, 83–130); and mean performance IQ, 103 ± 13 (range, 73–133).

According to the neurologic examination, we found that of the 62 children examined, 

1 child (2%) had coordination problems, 2 children (3%) had mild tremors, 18 children 

(29%) had nonoptimal fine manipulative abilities, and 21 children (34%) had nonoptimal 

sensory integration.
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OHCs in Relation to Outcome

Table 3 shows the OHCs that were significantly related to motor, cognitive, and 

behavioral outcome, uncorrected for possible confounders. We found both 

positive and negative correlations between OHCs and outcome. Brominated flame 

retardants correlated with worse fine manipulative abilities, worse attention, better 

coordination, better visual perception, and better behavior. Chlorinated OHCs 

correlated with less choreiform dyskinesia. OH-PCBs cor-related with worse fine 

manipulative abilities, better attention, and better visual perception. The wood 

protective agent PCP correlated with worse coordination, less sensory integrity, 

worse attention, and worse visuomotor integration.

We corrected the cognitive and behavioral outcome for SES and HOME, and 

because boys and girls differed significantly for selective attention (p=.044), we 

corrected selective attention for sex. After these corrections, we found additional 

correlations between OHCs and outcome. Some correlations before the correction 

were stronger after controlling for confounders, whereas others disappeared. 

Table 4 presents these results and gives an overview of the number of analyses 

performed, including the correlations that nearly reached significance (p<.10).

Scatterplots of the relations between OHCs and outcome that did not reach 

significance revealed no further information about the existence of nonlinear 

relationships between variables (data not shown).

Thyroid Hormone Analyses 

Table 5 shows the thyroid hormones from the umbilical cord blood that were 

related to outcome at 5–6 years of age. TSH correlated with worse motor skills and 

worse attention. rT3 correlated with better fine manipulative abilities. T3 correlated 

with better visuomotor integra-tion and better behavior. T4 correlated with better 

sensory integrity and less ADHD. 

We also found that OHC concentrations were related to thyroid hormones. PCP 

correlated with lower concentrations of T3 (r=–.292, p=.037); BDE-47 correlated 

with higher concentrations of T3 (r=.322, p=.021), as did BDE-99 (r=.311, p=.031) 

and BDE-100 (r=.291, p=.038).
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TABLE 1 OHC concentrations and thyroid hormone levels   

LOD, limit of detection: 0.08-0.16 pg/g serum
Data are given as median (range)
1. On lipid weight basis (ng/g lipid) 
2. On fresh weight basis (pg/g serum)
3. In pmol/L
4. In nmol/L
5. In mg/L

Compound, medium

Organohalogen  

4,4’-DDE1

CB-1531

BDE-471

BDE-991

BDE-1001

BDE-1531

BDE-1541

HBCDD1

PCP2

4OH-CB-1072

4OH-CB-1462 

4OH-CB-1872

Thyroid hormone 

FT43

T44

rT34

T34

TSH4 

TBG5

Concentration

Maternal serum (n=62)

94.7 (17.5-323.8)

63.0 (34.0-162.2)  

0.9 (<LOD-6.1)

0.2 (<LOD-2.1)

0.2 (<LOD-1.4)

1.6 (0.3-19.7)

0.5 (0.1-3.5)

0.8 (0.3-7.5)

1018 (297-8532)

26.0 (5.4-102.3)

103.3 (36.3-290.1)

79.3 (35.8-180.5)

Umbilical cord serum (n=51)

19.2 (12.0-25.1) 

122 (76-157)

3.9 (1.8-6.8) 

0.8 (0.5-1.8)

8.5 (3.5-23.5)

30.5 (20.1-43.4)
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TABLE 2 Motor, cognitive, and behavioral outcome

Outcome    Normal1  Subclinical1 Clinical1

Motor outcome

Movement-ABC (n=62)  55 (89)  4 (6)  3 (5)

DCDQ (n=62)    59 (95)    3 (5)

Cognitive outcome  

Total intelligence (n=62)  60 (97)  2 (3)  

Verbal intelligence (n=62)  60 (97)  2 (3) 

Performance intelligence (n=62) 56 (90)  6 (10)  

Visual perception (n=61)  60 (98)  1 (2) 

Visuomotor integration (n=62)  60 (97)  2 (3)

Verbal memory (n=61)  44 (72)  14 (23)  3 (5)

Inhibition (n=60)   52 (87)  7 (12)  1 (2)

Attention, sustained (n=60)   54 (90)  6 (10)

Attention, selective (n=62)  44 (71)  11 (18)  7 (11)

Behavioral outcome

Total behavioral problems2 (n=62) 58 (94)  3 (5)  1 (2) 

Internalizing problems2 (n=62)  56 (90)  1 (2)  5 (9)

Externalizing problems2 (n=62) 55 (89)  6 (10)  1 (2)

Total behavioral problems3 (n=57) 51 (89)  4 (7)  2 (4)

Internalizing problems3 (n=57)  51 (89)  4 (7)  2 (4)

Externalizing problems3 (n=57) 52 (91)  3 (5)  2 (4)

ADHD-questionnaire (n=62)  57 (92)  2 (3)  3 (5)

Data are given as numbers (percentage).
1.  Normal was defined as >15th percentile, subclinical as 5th-15th percentile and clinical as <5th 

percentile, with regard to intelligence, normal was defined as IQ>85, subclinical as IQ 70-85 and 
clinical as IQ <70

2. Derived from the Child Behavior Checklist (parents)
3. Derived from the Teacher’s Report Form
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TABLE 3 OHCs in relation to outcome

Organohalogen    Function   Correlation p-value
                               coefficient (R)3

Brominated flame retardants  

BDE-47  Attention, sustained  0.267   0.039 

   Internalizing behavior1  0.301  0.018 

   Total behavioral outcome1 0.288  0.024 

   Coordination2   0.255  0.045 

BDE-99  Internalizing behavior1  0.323  0.013 

   Total behavioral outcome1 0.281  0.032

BDE-100  Coordination2   0.309  0.014

   Internalizing behavior1  0.403  0.001 

   Externalizing behavior1  0.305  0.017

   Total behavioral outcome1 0.389  0.002

BDE-153  Visual perception  0.289  0.026

BDE-154  Fine manipulative abilities2 0.300  0.018

HBCDD  Coordination2   0.290  0.023

Chlorinated OHCs

PCB-153  Choreiform dyskinesia2  0.345  0.007

4OH-CB-107  Fine manipulative abilities2 0.311  0.016

   Attention, selective  0.293  0.021 

   Visual perception  0.278  0.030

4OH-CB-187  Attention, selective  0.318  0.012

4,4’-DDE  Choreiform dyskinesia2  0.308  0.016

Wood protective agent    

PCP   Coordination2   0.363  0.004

   Sensory integrity2    0.0344

   Visuomotor integration  0.287  0.024

   Attention, selective  0.254  0.046

Behavioral outcome was corrected for environmental confounders (HOME)  
1. Derived from the Child Behavior Checklist (parents)
2. Derived from Touwen’s neurological examination
3.  Positive correlations indicate better outcome and negative correlations indicate worse outcome  
4. Calculated by the Mann-Whitney U test 

-

-

-

-

-

-
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TABLE 5 Thyroid hormones in relation to outcome   

Thyroid hormone Function   Correlation p-value
            coefficient (r)3

TSH    General motor skills1    0.430  0.002

   Fine manipulative abilities   0.291  0.038

   Attention, sustained    0.298  0.038

rT3    Fine manipulative abilities   0.279  0.047

T3   Visuomotor integration    0.308  0.028

   Internalizing behavior2    0.319  0.031

T4   Sensory integrity    0.0074

   Attention deficit/hyperactivity   0.380  0.009

1. Assessed with the Developmental Coordination Disorder Questionnaire
2. Derived from the Child Behavior Checklist (parents)
3. Positive correlations indicate better outcome and negative correlations indicate worse outcome  
4. Calculated by the Mann-Whitney U test

-

-

-
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Discussion

The present explorative study indicated that prenatal background exposure to 

OHCs, including OH-PCBs and the more recently introduced PBDEs, correlated 

both positively and negatively with neurodevelopmental outcome in healthy Dutch 

children at 5–6 years of age. To the best of our knowledge, this study is the first 

to investigate the influence of background exposure to these toxic environmental 

pollutants on developmental outcome in healthy children at school age.

With regard to PBDEs, animal studies have indicated that prenatal exposure 

to different PBDEs may cause long-lasting behavioral alterations, particularly 

in motor activity and cogni-tive behavior.31,32 We found that brominated flame 

retardants also correlated with motor function, cognition, and behavior in humans. 

A study by Fischer et al. (2008) showed that BDE-99 has effects on behavior in 

mice.33 They found that BDE-99 and methylmercury exposure leads to disrupted 

spontaneous behavior. These results are in line with our findings in children that 

BDE-99 correlated with behavior, as measured with the CBCL.

Human studies on the 1974 Michigan PBB incident showed that accidental 

exposure to high levels of PBBs may lead to perceptual and perceptual–motor 

problems and lower scores on subtests of the McCarthy Scales of Children’s 

Abilities in children 4–6 years of age.34,35 During this incident, Michigan residents 

unknowingly ingested PBBs through eggs, meat, and dairy products from animals 

whose feed had been inadvertently contaminated through the substitution of a 

fire retardant for a cattle feed supplement.35 Our study demonstrated that even 

background levels of brominated flame retardants exert an influence on diverse 

neurologic and neuropsychological functions in children at school age.

With regard to PCBs, exposure can lead to subtle cognitive deficits, motor delay, 

and adverse effects on neurologic status in children at school age.9,13 These effects, 

however, are often counteracted by the home environment.13 Furthermore, Lee et 

al. (2007) described associations between chlorinated persistent organic pollutants 

and attention deficit disorder in children 12–15 years of age.36 Less is known about 

metabolites of PCBs. Recently, new techniques have become available to detect 

these metabolites in human serum. We found that, after correction for SES and 

the home environment, OH-PCBs correlated with multiple neuropsychological 
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functions at school age: fine manipulative abilities, choreiform dyskinesia, verbal 

memory, inhibition, and behavior. Our results indicate that OH-PCBs might even 

be more neurotoxic than PCBs, as postulated in animal studies.15,16

OHCs are known to exert their neurotoxic influence by affecting thyroid hormone 

homeostasis. It is hypothesized that OHCs affect thyroid hormone homeostasis 

by interfering with thyroid hormone signaling in the developing brain, by changing 

intracellular thyroid hormone availability, and by interacting directly at the level 

of the thyroid hormone receptors. On the one hand, OHCs have a high affinity 

for thyroid hormone receptors and lead to a decrease in thyroid hormone levels, 

whereas levels of TSH increase through hormonal feedback mechanisms. Previous 

studies on pregnant women and their infants found that PCBs are associated with 

higher levels of TSH and lower levels of T4.37 We found that PCP correlated with 

lower levels of thyroid hormone but brominated flame retardants correlated with 

higher levels of thyroid hormone. It is unknown whether the underlying mechanism 

by which PCBs affect thyroid hormones is the same for these OHCs. Our study 

disclosed consistent relations between thyroid hormones and outcome. We found 

that TSH correlated with worse neuropsychological functions. Thyroid hormones 

(T3 and T4), by contrast, correlated with better outcome. These findings, together 

with the negative correlations between OHCs and development, seem to confirm 

the hypothesis that thyroid hormone homeostasis may be involved.

Because the threshold levels of toxicity for the different OHCs are unknown, we 

did not statistically test low versus high levels of OHCs in relation to outcome. The 

toxic equivalents of most of the OHCs investigated are also unknown. Research 

has shown that some compounds enhance each other, whereas others counteract 

each other. No data are available for all the compounds tested in our study. As a 

consequence, we explored relations between OHCs and outcome at school age 

by means of correlations. Because this study is, to the best of our knowledge, 

the first to investigate the association between background levels of OHCs and 

outcome at school age, it was difficult to hypothesize on the expected effect on 

the outcome measures. Our study might serve as a basis for power calculations 

for future studies, because it demonstrates the variability of various parameters 

and their mutual associations.
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It was striking that we found both positive and negative correlations between 

OHCs and outcome. It is difficult to determine the implications of these results for 

functioning in later life. The multiple statistical analyses that were performed might 

have played a role in this finding. Furthermore, it is difficult to determine how many 

of these effects can reliably be assigned to the specific contaminants, because 

some of them were likely to show some degree of collinearity. Other contaminants 

that were not measured, such as methyl mercury, might also have played a role.

We did not compare postnatal OHC concentrations with outcome at 5–6 years 

of age because previous studies have pointed out that the most serious effects 

of neurotoxic OHCs are produced on developmental processes that occur 

prenatally.13,38

Concentrations of PBDEs in the environment are much higher in the United States 

than in Europe, Asia, or Australia.3,39 Levels of PBDEs in breast milk have been 

increasing in the past 20–30 years, along with the serum levels in the general 

population worldwide.4,39,40 The fact that even low background levels of OHCs, as 

is the case in the Netherlands, may interfere with developmental processes, as 

illustrated by the present study, indicates that there is an urgent need for further 

research. We believe that future research should focus on longitudinal follow-up of 

children exposed to OHCs and should investigate the effect and nature of specific 

OHCs. Besides, the effect of combinations of OHCs (by means of composite 

scores) on neurodevelopment in large cohorts should also be investigated.

Conclusions

Prenatal background exposure to OHCs not previously studied correlated with 

neuropsychological functioning in children at school age. PBDEs, used extensively 

worldwide, correlated with motor performance, attention, visual perception, and 

behavior, and we found the same results for OH-PCBs. We believe that unrelenting 

efforts should be made to find safe alternatives for these compounds. 
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Abstract

Objective

To identify risk factors associated with mortality and adverse neurological outcome 

at 18 months of age in preterm infants with periventricular hemorrhagic infarction 

(PHVI).

Study design

 Retrospective cohort study, including all preterm infants <37 weeks with PVHI, 

admitted between 1995 and 2006. Ultrasound scans were reviewed for grading 

of germinal matrix hemorrhage (GMH), localization and extension of the infarction, 

and other abnormalities. Several clinical factors were scored. Outcome measures 

were: mortality, cerebral palsy and Gross Motor Function Classification System 

(GMFCS) level. Odds ratios were calculated by univariate and multivariate logistic 

regression analyses.

Results

Of 54 infants, 16 died (30%). Twenty-five of 38 survivors (66%) developed cerebral 

palsy, 21 mild (GMFCS levels I and II), 4 moderate-to-severe (levels III and IV). 

Several perinatal and neonatal risk factors were associated with mortality. After 

multivariate logistic regression, only use of inotropics (OR 31.2, 95%CI 2.6-373, 

p<.01) and maternal intrauterine infection (OR 12.2, 95%CI 1.2-127, p<.05) were 

predictors for mortality. In survivors, only the most extended form of PVHI was 

associated with the development of cerebral palsy (OR>4.7, p<.005), but not with 

severity of cerebral palsy. Cystic periventricular leukomalacia and concurrent 

grade III-GMH were associated with more severe cerebral palsy.

Conclusion 

In preterm infants with PVHI, mortality occurred despite optimal treatment and was 

associated with circulatory failure and maternal intrauterine infection. In survivors, 

motor development was abnormal in 66%, but functional abilities were good in 

the majority. Extension and localization of the PVHI were not related to functional 

outcome. 
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Introduction

Periventricular hemorrhagic infarction (PVHI), formerly described as a grade 

IV germinal matrix hemorrhage (GMH), is seen in approximately 10 to 15% of 

preterm infants with GMH.1 It is presumably caused by pressure of the GMH on 

the periventricular terminal vein that drains the cerebral hemisphere.2-4 This leads 

to venous congestion in the periventricular white matter and subsequently to 

ischemia and hemorrhage. PVHI, or venous infarction, is now considered as a 

complication of the GMH instead of an extension of the GMH.4

Mortality in preterm infants with PVHI has been found to range between 38 and 

60%.1,5-7 Surviving preterm infants with PVHI are at high risk for developing cerebral 

palsy and for an abnormal neurological examination beyond 12 months’ adjusted 

age.8-11 Several factors in the perinatal period are associated with PVHI. These 

include lower gestational age, emergency caesarean section, low Apgar scores, 

need for respiratory resuscitation, pneumothorax, pulmonary hemorrhage, patent 

ductus arteriosus, acidosis, and neonatal seizures.1,6,7,12,13 

It is unknown, within a group of preterm infants with PVHI, which perinatal and 

neonatal characteristics are associated with mortality and adverse neurological 

outcome. The aim of this study was therefore to identify perinatal and neonatal 

risk factors for mortality and adverse neurological outcome at 18 months of age in 

preterm infants with PVHI.
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Methods

Patients

In a retrospective analysis, we studied infants who had been admitted to the 

Neonatal Intensive Care Unit (NICU) of the University Medical Center Groningen 

(UMCG) between 1995 and 2006. We intended to include preterm infants 

(gestational age < 37 weeks) with PVHI diagnosed by cranial ultrasonography. To 

this end we searched the patient database (which contains all diagnoses of every 

infant admitted to the NICU) on infants diagnosed with PVHI, venous infarction, 

GMH grade IV and parenchymal cerebral bleeding. We excluded patients with 

major chromosomal and congenital abnormalities.

Cranial Ultrasonography Classification

According to the routine scanning protocol of our unit, the first ultrasound scan 

was made within 72 hours after birth and then at a minimum of weekly intervals 

until stabilization or the disappearance of any abnormality. The scans were 

performed by means of real-time mechanical sector scanners equipped with a 7.5 

MHz transducer. 

All infants admitted to our NICU are subjected to the scanning protocol, if they match 

one of the following criteria: gestational age < 35 weeks, birth weight < 1500 grams, 

complicated delivery with a risk for brain injury, perinatal asphyxia, and suspected 

congenital cerebral malformation. 

Three experts (AFB, JK, HTH) reviewed the serial ultrasound scans of the infants 

who were included after the patient database search, to determine whether PVHI 

was present or not. The experts were blind as to the infants’ outcome. The final 

study group was defined after this review. 

We scored several characteristics of the PVHI. These included unilateral or bilateral 

infarction, left or right-sided infarction, localization and extension of the infarction 

(frontal, parietal, occipital or combinations) and residual abnormalities (e.g. 

porencephalic cysts). When bilateral, the localization and extension were based on 

the side that was affected most. Next we scored additional cerebral abnormalities. 

These included grade of GMH (grades I, II or III),14 unilateral or bilateral GMH, 

presence or emergence of posthemorrhagic ventricular dilatation (PHVD) and cystic 
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periventricular leukomalacia (PVL). PHVD was defined as a lateral ventricle size of 

more than 0.33 according to Evans’ index (the right and left lateral horn width 

divided by the maximum internal skull width).15 Cystic periventricular leukomalacia 

was classified as stage 2 or worse, according to de Vries et al.16

When the experts disagreed, the scans involved were re-evaluated by all experts, 

together. In all cases a consensus was reached on a final score.

Perinatal Risk Factors

We reviewed the medical charts of the infants for perinatal and neonatal risk 

factors. These included signs of maternal intrauterine infection, early onset sepsis, 

asphyxia, intrauterine growth restriction, respiratory failure, circulatory failure 

and neonatal seizures. Maternal intrauterine infection was based on such clinical 

signs as fetal tachycardia and maternal fever (>38°C), often combined with the 

use of maternal antibiotics. We also scored the presence of premature rupture 

of membranes (>24h) and histological characteristics of the placenta for signs of 

inflammation. Early onset sepsis was diagnosed by a positive blood culture and/

or clinical signs within the first 48 hours of life. Asphyxia was determined by Apgar 

scores after 1 and 5 minutes (<5), resuscitation (external heart massage and/or 

use of epinephrine) and umbilical cord pH (arterial pH <7.10). Intrauterine growth 

restriction was scored if birth weight was below the 10th centile, according to 

the Dutch intrauterine growth standards.17 Respiratory failure, defined as need for 

ventilatory support, was scored by mode and duration of the support, idiopathic 

respiratory distress syndrome, pneumothorax, and the presence of respiratory 

acidosis. Circulatory failure was defined as hemodynamic instability and scored 

by the need for fluid resuscitation and use of inotropics during the first week, often 

combined with metabolic acidosis (pH<7.15).

Late onset morbidity was also recorded. This included retinopathy of prematurity 

(ROP), late onset sepsis, necrotizing enterocolitis (NEC), and bronchopulmonary 

dysplasia (BPD). Late onset sepsis was diagnosed by a positive blood culture 

and/or clinical signs after the first 5 days of life. BPD was defined as oxygen 

dependency beyond 36 weeks post-menstrual age.
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Outcome

We determined the mortality rate and cause of death in the study group. Follow-

up of the survivors was part of the regular follow-up program of preterm infants 

and consisted of a pediatric and neurological examination at 3, 6, 12 and 18 to 24 

months’ corrected age, based on Touwen.18 The presence or absence of cerebral 

palsy was determined when infants had reached the age of at least 18 months, 

following Hagberg’s criteria.19 

In case of cerebral palsy, gross motor functioning was scored by a physiatrist using 

the Gross Motor Function Classification System (GMFCS).20 This is a functional, 

five level classification system for cerebral palsy based on self-initiated movement 

with particular emphasis on sitting (truncal control) and walking. A higher level 

correlates with more serious impairment of functional abilities. Level I represents 

children who walk without restrictions but have limitations in more advanced 

gross motor skills, e.g. co-ordination and balance. Level II represents those who 

walk without assistive devices but have limitations in walking outdoors and in 

the community, e.g. running and jumping. Level III represents children who walk 

with assistive mobility devices and have limitations in walking outdoors and in the 

community. Level IV represents those with limitations in self-mobility, these children 

use power mobility outdoors and in the community. Level V represents those with 

severely limited self-mobility even with the use of assistive technology.20 

To investigate whether the outcome of preterm infants with PVHI at our NICU 

changed over time we studied mortality rate, development of cerebral palsy, and 

GMFCS throughout the study period.
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Statistical Analysis

We calculated odds ratios by univariate logistic regression to determine which 

perinatal and neonatal factors and which cerebral characteristics were related to 

mortality. We repeated these calculations in the survivors for the development of 

cerebral palsy. We used chi2 for trend to relate the severity of cerebral palsy to the 

risk factors and cerebral characteristics, and to calculate the changes in outcome 

throughout the study period. Finally, we used backward multivariate logistic 

regression analysis to determine which risk factors detected by the univariate 

analyses (with p<.10) had independent prognostic value for outcome. Throughout 

the analyses p<.05 was considered to be statistically significant. SPSS software 

for Windows, version 14.0 (SPSS Inc. Chicago, Illinois) was used for all analyses. 
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Results

Between 1995 and 2006, 4022 patients with a gestational age of < 37 weeks 

were admitted to our NICU. After database search, 66 infants were selected with 

(suspected) intraparenchymal hemorrhages. After reviewing the cranial ultrasound 

scans, 54 infants with periventricular hemorrhagic infarctions were included in the 

study. This is 1.3% of all infants (gestational age < 37 weeks) admitted to the NICU 

during the study period. Table 1 gives an overview of the patient demographics. 

The PVHI was unilateral in 45 infants (83%): left-sided in 26 (48%), right-sided in 

19 (35%). Nine infants (17%) had bilateral PVHI. The PVHI was localized to the 

frontoparietal region in 14 infants (26%), to the parieto-occipital region in 25 infants 

(46%) and extended throughout the entire periventricular region (fronto-parieto-

occipital) in 15 infants (28%). In 37 infants (69%) the PVHI was associated with a 

GMH grades I or II; in 17 infants (31%) with a GMH grade III. Sixteen infants (30%) 

developed PHVD. Seven of them did not need drainage of cerebrospinal fluid, 

five needed a temporary ventricular drain and four required a permanent shunt. 

Bilateral subtle echodensities, not related to the PVHI, developed into cystic PVL 

in two infants (4%). 

Mortality

Of the 54 infants, 16 died (30%). Fourteen infants died despite optimal treatment. 

In six infants the cause of death was respiratory failure and five infants died 

of combined respiratory and circulatory failure. One infant died because of a 

necrotizing enterocolitis, one because of a late onset sepsis and one because of 

extensive bilateral hemorrhage with a persistent flat trace EEG. Two infants died 

after life support was withdrawn. In both cases the prognosis was considered to 

be poor, based on the combination of severe respiratory and neurological signs.

Table 2 gives an overview of the perinatal and neonatal factors associated with 

mortality. A lower gestational age, signs of circulatory failure (use of inotropics 

and metabolic acidosis), maternal intrauterine infection and neonatal seizures 

were associated with increased mortality. Table 3 gives an overview of the 

characteristics of the PVHI and additional cerebral abnormalities in relation to 

mortality. Localization and extension of the PVHI were not associated with death 
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or survival. Only three infants had PVHI limited to the frontal region and all three 

survived. Of additional cerebral abnormalities, GMH grade III was present more 

frequently in infants who died than in survivors. As a consequence, GMH grades I 

and II were present more frequently in survivors. 

Neurological Outcome

Of the 38 surviving children, 13 (34%) were normal and 25 (66%) had developed 

cerebral palsy. Four infants (11%) had cerebral palsy with moderate to severe 

functional limitations, GMFCS levels III (n=1) and IV (n=3). These four infants all 

had bilateral cerebral palsy. Twenty one infants (55%) had mild, unilateral cerebral 

palsy, GMFCS levels I (n=10) and II (n=11).

Table 4 gives an overview of the cerebral characteristics on ultrasound in relation 

to the development of cerebral palsy and GMFCS levels. All children with extensive 

PVHI (fronto-parieto-occipital, n=8) developed cerebral palsy, with GMFCS levels 

I or II (OR > 4.7 p=.04). We could not identify any other localization of the PVHI 

that correlated with the development and severity of cerebral palsy. Concerning 

additional cerebral abnormalities, GMH grade III was associated with higher 

GMFCS levels, thus with more severe cerebral palsy. Only four infants had GMFCS 

levels III or IV. In two of them bilateral cystic PVL (and GMH grade III) was present, 

in the other two we could not identify any reason why these infants in particular 

developed a more severe cerebral palsy. 

Perinatal and neonatal factors (including late onset morbidity) did not correlate with 

the development and severity of cerebral palsy, only intrauterine growth restriction 

nearly reached significance (p=.06). Of the survivors, two children were born after 

intrauterine growth restriction; one had GMFCS level II and one level IV.

Trends in Outcome over Time

Mortality decreased from 1995 to 2006 (p=.03). In addition, the incidence of 

cerebral palsy in surviving children also decreased (p=.01). The severity of cerebral 

palsy, measured by the GMFCS level, did not change during the study period.
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Multivariate Logistic Regression Analysis

Since the clinical and cerebral characteristics are likely to be interdependent, we 

performed a multivariate logistic regression analysis to investigate which factors 

contributed independently to mortality. Perinatal and neonatal factors and cerebral 

characteristics which had shown associations with mortality at p<.10 were entered 

as predictors: gestational age, maternal intrauterine infection, Apgar score at 1 

minute, pneumothorax, signs of circulatory failure, neonatal seizures, GMH grade 

III, bilateral GMH and fronto-parieto-occipital extension of the PVHI. Only maternal 

intrauterine infection (OR 12.2; 95% CI 1.2 – 127, p=.04) and signs of circulatory 

failure (use of inotropics during the first week, OR 31.2; 95% CI 2.6 - 373, p=.007) 

remained in the model. We did not perform a multivariate logistic regression 

analysis on survivors to determine independent predictors for the development 

and severity of cerebral palsy, because only one association was found in the 

univariate analyses for both development and severity of cerebral palsy.



71Chapter 3     Risk Factors for Adverse Outcome in Preterm Infants with Periventricular Hemorrhagic Infarction

TABLE 1 Patient demographics

Number     n=54

Males/ females    32/ 22

Gestational age (weeks)   27.7 (25.4-35.0)

Birth weight (grams)    1050 (700-2430)

IUGR (<P10)     n=4 (7)

Maternal intrauterine infection1  n=11 (20)

Early onset sepsis    n=7 (13)

Asphyxia

Resuscitation2    n=2 (4)

Apgar at 1’     4 (1-9)

Apgar at 5’     8 (2-10)   

Umbilical cord pH    7.21 (6.83-7.42)  

Respiratory failure

Ventilatory support (IPPV or HFO)  n=47 (87)

Pneumothorax    n=9 (17)

Respiratory acidosis   n=14 (26)

Circulatory failure

Inotropics     n=27 (50)

Metabolic acidosis    n=10 (19)

Neonatal seizures    n=13 (24)

Mortality     n=16 (30)

Age of death    5.5 days (1-120)

Late neonatal morbidity

ROP (grade I-II vs. grade III-V)   11 (20) vs. 2 (5)

Late onset sepsis    14 (26)

Necrotizing enterocolitis   3 (6)

Bronchopulmonary dysplasia  14 (26)

Data are given as median (minimum-maximum) or numbers (percentage).
1.  Maternal intrauterine infection was scored by clinical signs as fetal tachycardia and maternal fever 

(>38°C), often combined with the use of maternal antibiotics
2.  Resuscitation was scored in case of external heart massage and/or use of epinephrine

Abbreviations: IUGR, intrauterine growth restriction; IPPV, intermittent positive pressure ventilation; 
HFO, high frequency oscillation; ROP, retinopathy of prematurity
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TABLE 4  Characteristics of PVHI and additional cerebral abnormalities 

in relation to cerebral palsy and GMFCS in survivors (numbers in the 

table refer to the numbers of children)

   GMFCS level

 No CP I II III-IV p-value

Number 13/ 38  10/ 38 11/ 38  4/ 38 

Localization and extension PVHI

Frontoparietal1 5   2 2 2 ns

Parieto-occipital2 8   4 5 2 ns

Fronto-parieto-occipital 0  4  4 0 ns

Unilateral/bilateral PVHI

Left 7  5 4 2 ns

Right 4  5 5 1  ns

Bilateral 2  0 2 1  ns 

Additional abnormalities

Grades I-II GMH 13  9 7 2 0.005

Grade III GMH 0  1 4 2 0.005

Bilateral GMH 5  5 4 2 ns

PHVD 1  5 4 2 ns

cystic PVL 0   0 0 2  0.011

 

P-value’s are derived from the chi2 test for trend.
1. Includes frontal, parietal, and frontoparietal infarctions
2. Includes parieto- occipital and occipital infarctions

Abbreviations: GMFCS, Gross Motor Function Classification Scale; CP, cerebral palsy; PVHI, 
periventricular hemorrhagic infarction; GMH, germinal matrix hemorrhage; PHVD, posthemorrhagic 
ventricular dilatation; PVL, periventricular leukomalacia; ns, not significant
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Discussion

We identified several risk factors predictive for mortality and adverse neurological 

outcome at 18 months of age in preterm infants with PVHI. A low gestational age, 

neonatal seizures, signs of circulatory failure (use of inotropics and metabolic 

acidosis), maternal intrauterine infection and an associated GMH grade III were 

related to mortality. Independent predictors were circulatory failure and maternal 

intrauterine infection. Sixty six percent of the survivors developed cerebral palsy. 

Only the most extended PVHI (fronto-parieto-occipital) was associated with 

the development of cerebral palsy. Characteristics of the PVHI (localization and 

extension) were not related to the severity of cerebral palsy. However, additional 

cerebral abnormalities such as GMH grade III and cystic PVL were associated with 

more severe cerebral palsy.

We found a lower mortality (30%) compared to previous studies, which reported 

percentages from 38 to 60%.1,5-7,21 It is striking that in our study the extension of 

the PVHI was not related to mortality. This association was reported by Guzzetta 

et al. in 19865 and recently by Bassan et al.22 An explanation for the difference 

might be the characteristics of the study groups. Both studies reported a higher 

percentage of infants with extended lesions (50-66%) than the present study 

(28%). The percentage of infants with associated GMH grade III in these studies 

was also much higher (80-88% versus 31%).5,22 This suggests that morbidity of the 

infants in the present study might have been less severe than in these previous 

studies. Advances in neonatal care, better imaging techniques and decisions 

regarding withdrawal of life support might also have influenced the association.22 

In the present study, most of the infants who died had suffered respiratory or 

circulatory failure, unresponsive to treatment. 

We found that mortality in infants with PVHI was associated with low gestational 

age, maternal intrauterine infections, signs of circulatory failure, an associated 

GMH grade III and neonatal seizures. After multivariate logistic regression analysis, 

only circulatory failure (use of inotropics) and signs of maternal intrauterine 

infection were independent predictors for mortality. Circulatory failure, leading 

to disturbances of systemic and cerebral hemodynamics, is identified as a risk 

factor for the emergence of PVHI in several studies.7,12,13 Apparently, this factor 
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is associated not only with the emergence of PVHI but also with a considerably 

increased risk of dying (OR 31.2) in case of PVHI. The association of mortality 

with maternal intrauterine infections in the present study was less strong and just 

reached significance. Intrauterine (perinatal) infections and inflammation have been 

associated in particular with periventricular leukomalacia23 and not with PVHI.13,24 

However, other larger studies have demonstrated that intrauterine infections, 

chorio-amnionitis, placental inflammation and early sepsis are associated with 

GMH grade III and PVHI.25-27 Although the percentage of infants with signs of 

maternal intrauterine infection was low in the present study, our data suggest that 

its presence increases the risk of dying.

Neurological outcome at the age of 18 months was normal in 34% of the survivors. 

The remaining infants developed cerebral palsy, which was mild in most cases. 

The percentage of infants developing cerebral palsy after PVHI in the present 

study was similar to previous studies, ranging from 60 to 90%.1,5,8,9,11,22 Of all 

cerebral characteristics investigated, only the most extended localization (fronto-

parieto-occipital) was associated with the development of cerebral palsy. This was 

also found by Bassan et al.22 There is controversy about anterior frontal lesions. 

Rademaker et al. demonstrated in a small study of 20 infants that a localization 

of PVHI in the occipital region was associated with the development of cerebral 

palsy.8 A localization more frontally, anterior of the trigonum, was associated with a 

normal outcome.8 Bassan et al. found the opposite, i.e. anterior frontal involvement 

of the PVHI was associated with an abnormal neuromotor examination at the age 

of 1 year.22 We could not confirm any of these results. In our study, we found that 

some infants with frontal, frontoparietal and parieto-occipital lesions developed 

cerebral palsy, but others did not. Concerning perinatal and neonatal risk factors, 

no associations existed with the development of cerebral palsy. 

Functional limitations in children developing cerebral palsy were mostly mild, with 

GMFCS levels I and II. Only a few infants had cerebral palsy with more severe 

functional limitations. This was associated with additional cerebral abnormalities, 

such as cystic PVL and an associated GMH grade III. It is known that cystic PVL 

causes more severe neurological sequelae than PVHI.1,11,28 To our surprise, GMFCS 

levels were not related to localization and extension of the PVHI, nor to any other 
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perinatal or neonatal risk factor. Other studies in infants with PVHI and functional 

outcomes are scarce and do not report about outcomes of the infants in terms of 

functional abilities and limitations. 

As a retrospective analysis, the present study is subject to potential limitations. 

We took care to include all children with PVHI, but perhaps we still missed some. 

Being a single-center study, caution should be taken to generalize our results to 

other centers. Perinatal and neonatal care has changed considerably during the 

long range of years covered by this study (1995-2006). During the last 20 years, 

the incidence of severe intracranial hemorrhages has declined rapidly.26 Factors 

that were risk factors in the past are not necessarily risk factors at present. 

We did not confirm the PVHI on cranial ultrasound scans using magnetic resonance 

imaging in all infants. We are confident however, that we could reliably make the 

diagnosis of PVHI by cranial ultrasonography alone. Earlier studies comparing 

magnetic resonance imaging with cranial ultrasonography in PVHI showed that 

ultrasonography is a reliable method for diagnosing PVHI.1,10 The distinction 

between bilateral PVHI and cystic PVL is sometimes difficult to make.1,10 We used 

the criteria mentioned in De Vries et al.1 to differentiate between the two types 

of brain lesions. In our opinion, we could reliably make this distinction because 

ultrasound scans were performed at least at weekly intervals. Only two infants had 

both PVHI and cystic PVL. This incidence is similar to other studies.1,10 

All surviving children were examined at follow-up at a minimum of 18 months’ 

corrected age. We realize that 18 months is a bit young to determine the GMFCS 

level reliably. It is known that the GMFCS is a rather stable measure from the age 

of two onwards.29 In the present study, most children had already turned two. With 

this in mind, the GMFCS levels in the majority of the infants who had developed 

cerebral palsy would remain low, indicating rather good gross motor functioning. 
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Conclusion

We identified several risk factors predictive for mortality and adverse neurological 

outcome at 18 months of age in preterm infants with PVHI. Thirty percent of the infants 

died, mostly with respiratory and/or circulatory failure, unresponsive to treatment. 

Circulatory failure and maternal intrauterine infection, but not characteristics of the 

PVHI, were independently predictive for mortality. Sixty six percent of the survivors 

developed cerebral palsy, which was mild in most cases. Only the most extended 

PVHI (fronto-parieto-occipital) was associated with the development of cerebral 

palsy. Characteristics of the PVHI (localization and extension) were not related to 

the severity of cerebral palsy, but the presence of concurrent GMH grade III and 

cystic PVL were associated with more severe cerebral palsy.
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Abstract

Objective

Our objective was to determine motor, cognitive and behavioral outcome at school 

age in preterm children with periventricular hemorrhagic infarction (PVHI) and to 

identify cerebral risk factors for adverse outcome.

Methods 

This was a prospective cohort study of all preterm infants who were <37 weeks’ 

gestation, had periventricular hemorrhagic infarction (PVHI), and were admitted 

between 1995 and 2003. Ultrasound scans were reviewed for characteristics 

of PVHI and other cerebral abnormalities. At 4 to 12 years motor outcome was 

assessed by the Gross Motor Function Classification System (GMFCS) and the 

Manual Ability Classification System (MACS), by a neurological examination 

(Touwen), an intelligence test (WISC-III/WPPSI-R), and tests for visual-motor 

integration (VMI), visual perception (TVPS) and verbal memory. Behavior was 

assessed by the Child Behavior Checklist (CBCL), and Behavior Rating Inventory 

of Executive Function (BRIEF).

Results

Of 38 infants, 15 (39%) died. Twenty-one of 23 survivors were included in the follow-

up. Four were neurologically normal, one had minor neurological dysfunction, 

thirteen had unilateral spastic cerebral palsy (CP) and three bilateral CP. 

Coordination, associated movements and fine manipulative abilities were affected 

most according to the neurological examination. GMFCS: seven children level 1, 

seven level 2, one level 3, two level 4. MACS: four children normal, eight level 1, 

seven level 2, two level 3. The mean and median total intelligence quotient (IQ) 

was 83 (range 55-103, SD 11). Visual perception was normal in 88%, visuomotor 

integration was normal in 74% and verbal memory was normal in 50% of the 

children. Behavior was normal in 53% and executive functions were normal in 

65% and 29% (parents and teachers). Characteristics of the PVHI were not related 

to functional motor outcome and intelligence. 
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Posthemorrhagic ventricular dilatation (PHVD) was a risk factor for poorer total 

and performance intelligence and abnormal fine manipulative abilities.

Conclusions

The majority of surviving preterm children with PVHI had CP with limited functional 

impairment at school age. Intelligence was within one SD of the norm of preterm 

children without lesions in 60% to 80% of the children. Verbal memory, in particular, 

was affected. Behavioral and executive function problems occurred slightly more 

than in preterm infants without lesions. The functional outcome at school age of 

preterm children with PVHI is better than previously thought.
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Introduction

Periventricular hemorrhagic infarction (PVHI) is a complication of a germinal matrix 

hemorrhage (GMH) in which extension to the periventricular region occurs. PVHI 

is seen in 1% to 3% of preterm infants.1,2 Mortality in preterm infants with PVHI 

ranges between 30% and 60%.2-4 Although mortality has decreased during the 

last years, PVHI is still considered a disastrous lesion and is sometimes associated 

with withdrawal of care.5-7

Outcome studies of 2 to 3-year-old children reported that 50% to 85% of children 

with PVHI develop cerebral palsy (CP)2-5,8 and that cognition is impaired in 20% 

to 79% of children.4,7,9 Functional outcome at school age in preterm infants with 

PVHI, however, is still largely unknown. Therefore the first aim of this study was to 

determine motor, cognitive and behavioral outcome in preterm children with PVHI 

at school age. 

Some studies suggested that particular subtypes of PVHI are related to adverse 

outcome, while others do not demonstrate this relationship.2,4,8,10,11 Our second 

aim was therefore to identify cerebral risk factors for adverse outcome.
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Methods

Patients

We selected preterm infants who had been admitted to the Neonatal Intensive Care 

Unit (NICU) of the University Medical Center Groningen (UMCG) between 1995 and 

2003, who were < 37 weeks’ gestational and who had PVHI diagnosed by cranial 

ultrasonography. We found the infants by searching the patient database, which 

contains all diagnoses of every infant admitted to the NICU, for infants diagnosed 

with PVHI, venous infarction, GMH grade 4 and parenchymal cerebral bleeding. 

We excluded patients with major chromosomal and congenital anomalies.

Cranial Ultrasonography Classification

In accordance with the routine scanning protocol of our unit the first ultrasound 

scan was made within 72 hours after birth and subsequently at weekly intervals until 

stabilization or disappearance of any abnormality. The scans were made by means 

of real-time mechanical sector scanners equipped with a 7.5 MHz transducer. This 

scanning protocol is observed for each infant admitted to our NICU with at least 

one of the following criteria: gestational age < 35 weeks, birth weight < 1500 g, a 

complicated delivery with risk for brain injury, perinatal asphyxia, and suspected 

congenital cerebral malformation. Infants with a gestational age > 35 weeks were 

scanned in case of clinical signs suggestive of intracranial pathology.

The cranial ultrasound scans of the infants selected for this study were reviewed by 

two experts (AFB, AM) to determine whether PVHI was present or not. The experts 

were blind as to the infants’ outcome. In case the experts disagreed with one 

another they re-evaluated the scans in question, together. In all cases a consensus 

was reached on the final score. The final study group was defined after this review 

procedure. 

We scored several characteristics of the PVHI, i.e. unilateral or bilateral infarction, 

left or right-sided infarction, localization and extension of the infarction (frontal, 

parietal, occipital or combinations) and residual abnormalities (e.g. porencephalic 

cysts). In case of bilateral PVHI localization and extension were based on the 

side that was affected most. Next, we scored additional cerebral abnormalities, 

i.e. grade of GMH (grade 1, 2 or 3),12 unilateral or bilateral GMH, presence or 
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emergence of posthemorrhagic ventricular dilatation (PHVD), and cystic 

periventricular leukomalacia (PVL). PHVD was defined as a lateral ventricle size 

of > 0.33 according to Evans’ index (the right and left lateral horn width divided 

by the maximum internal skull width).13 Cystic periventricular leukomalacia was 

classified as stage 2 or worse, according to De Vries et al.14 

Follow-up

The children were invited prospectively to participate in an extension of the routine 

follow-up program. It entailed the assessment of motor performance, cognition 

and behavior at the age of 4 to 12 years. Parents gave their informed consent 

to participate in the follow-up program. The study was approved by the Medical 

Ethical Committee of the University Medical Center Groningen.

Motor Outcome

On the basis of the reports of the routine follow-up program we determined 

the presence or absence of CP following Bax’ criteria.15 In case of CP, gross 

motor functioning was scored by a physiatrist using 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.16 During the follow-up program at school age the presence or 

absence of CP and GMFCS scores were re-evaluated.

To classify the manual abilities of the children, we used the Manual Ability 

Classification System (MACS). The MACS is a functional, five level system for CP 

in which levels are based on the children’s ability to handle objects and their need 

for assistance or adaptations to perform manual tasks in daily life.17 The MACS 

was scored by both the investigator (ER) and the parents. Higher levels of GMFCS 

and MACS indicate serious impairment of functional abilities (Table 1).

To determine the children’s neurological status, we administered Touwen’s 

neurological examination to children without CP and those with GMFCS levels 1 

and 2.18 This age-specific neurological examination assesses posture and muscle 

tone, reflexes, presence of choreiform dyskinesia, coordination and balance, fine 

manipulative ability, cranial nerves, associated movements, and sensory integrity.19
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Cognitive Outcome

Total, verbal and performance intelligence were assessed using a short form of the 

Wechsler Intelligence Scale for Children, third version (WISC-III) in children over 5 

years of age.20 In younger children, we used the Wechsler Preschool and Primary 

Scale of Intelligence, revised (WPPSI-R).21 

In addition, we assessed visual perception, visuomotor integration and verbal 

memory to investigate whether these neuropsychological functions were 

specifically impaired in preterm infants with PVHI. Central visual perception was 

assessed using two subtests (visual form-constancy and visual closure) of the Test 

of Visual-Perceptual Skills, revised (TVPS-R).22 We used the Beery developmental 

test of visual-motor integration (VMI, 4th Edition) to assess visuomotor integration.23 

Visuomotor integration involves the integration of visual information with finger-

hand movements.

In children over 5 years of age, we assessed verbal memory using Rey’s Auditory 

Verbal Learning Test (AVLT).24 This test consists of five learning trials with immediate 

recall of words (tested after each presentation), a delayed recall trail and a delayed 

recognition trial.24

Test scores obtained when a child was inattentive or too tired, as assessed by the 

experimenter, were excluded.

Behavioral Outcome

In order to obtain information on children’s competencies and behavioral/emotional 

problems the parents of children over 5 years of age completed the Child Behavior 

Checklist (CBCL).25 The CBCL consists of one total scale and two subscales, i.e. 

internalizing problems (withdrawn behavior, somatic complaints, and anxious/ 

depressed scales) and externalizing problems (delinquent and aggressive behavior 

scales). 
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In addition, the parents and the teachers filled in the Behavior Rating Inventory of 

Executive Function (BRIEF)26 for children over 4 years of age. The BRIEF assesses 

executive functioning involved in well-organized, purposeful, goal-directed, 

and problem-solving behavior. Examples of executive functioning are the ability 

to inhibit competing actions of attractive stimuli, the flexibility to shift problem-

solving strategies if necessary, and the ability to monitor and evaluate one’s own 

behavior. 

Statistical Analyses

IQ scores were calculated by the median of scores on the verbal and performance 

subtests. We used the percentiles on the standardization samples of each cognitive 

test to classify the scores into ‘normal (>P15)’, ‘subclinical (P5-P15)’ and ‘clinical 

(<P5)’. For the CBCL and the BRIEF we used a similar classification following the 

criteria in the manual. We corrected the scores on visuomotor integration, visual 

perception and verbal memory for mental age, which was calculated by using 

the IQ scores. We used the Chi2, the Mann-Whitney U test and Spearman’s rank 

correlation where appropriate to relate motor, cognitive and behavioral outcomes 

to cerebral characteristics and late onset morbidity. Throughout the analyses p<.05 

was considered to be statistically significant. SPSS 14.0 software for Windows, 

(SPSS Inc, Chicago, IL) was used for all the analyses.
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Results

Between 1995 and 2003, 3034 patients with a gestational age of < 37 weeks were 

admitted to our NICU. After database search and review of the cranial ultrasound 

scans, 38 infants with periventricular hemorrhagic infarctions were included in the 

study. Of these 38 infants, 15 (39%) died in the neonatal period. Twenty one of the 

23 survivors participated in the follow-up program – two sets of parents declined 

the invitation to participate.

Patient Characteristics

Table 2 shows an overview of the patient demographics and the cerebral 

characteristics of the 21 surviving infants. The demographics of the two children 

who did not participate were slightly better than the children included in our study 

(median gestational age 31.8 weeks and median birth weight 1178 g). 

Eight infants developed PHVD in addition to the PVHI. One of them did not require 

drainage of cerebrospinal fluid, three infants required a temporary ventricular 

drain and four were fitted with a permanent shunt. In one infant bilateral subtle 

echodensities in the periventricular region, not related to the PVHI, developed into 

cystic PVL.

The mean age at follow-up was 8.7 years (range 4.4 to 12.5 years). Three children 

were 4 to 5 years old. In these three children some cognitive tests were not 

administered because norms were only available for children of 5 years and older. 

None of the children were blind.

Motor Outcome

Of 21 children, five (24%) were neurologically normal and sixteen (76%) had CP. 

Thirteen children had unilateral CP with limited functional impairment, GMFCS 

levels 1 (n=6) and 2 (n=7). One child with GMFCS level 1 did not have CP but 

showed limited functional disabilities and minor neurological dysfunction. Three 

children had GMFCS levels 3 (n=1) and 4 (n=2). These three infants all had bilateral 

spastic CP. The functional manual abilities were normal in four children, eight 

children had MACS level 1, seven had level 2, and two had level 3. 

According to the neurological examination (assessed in eighteen children), 
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coordination and balance (n=11), associated movements (n=10) and fine 

manipulative abilities (n=9) were affected most. 

Cognitive Outcome

The results on intelligence are shown in Table 3. Total IQ was distributed normally 

in our study group. Mean and median total IQ was 83 (range 55-103, SD 11). 

Median verbal IQ was 88 (range 55-115), median performance IQ was 80 (range 

40-100). Forty percent of the infants had a total IQ of 85 or more, thus falling 

within the normal range. Of 21 children, twelve attended normal education and 

nine attended special education. Of these nine, two went to special schools for 

children with physical impairment and seven attended special schools for children 

with learning problems. 

Visual perception (TVPS, n=16) was normal in ten children, subclinical in three and 

clinical in another three children. Visuomotor integration (VMI, n=19) was normal 

in eight children, subclinical in four and clinical in seven children. Verbal memory 

(AVLT, n=13) was normal in five children, subclinical in five and clinical in three 

children. We corrected these scores for mental age to investigate whether a poor 

performance on the neuropsychological tests was due to intelligence. These data 

are shown in Table 3. One child was excluded from the calculations on the AVLT 

because her mental age, based on the WISC-III, was below 6 years.

Behavioral Outcome

The results of the CBCL and the BRIEF are shown in Table 3. According to the 

CBCL 35% of the children fell in the clinical range. These children had various 

behavioral problems that were not particular for one scale. 

The Global Executive Composite score showed that 18% of the children fell in the 

clinical range according to the parents and 29% fell in this range according to the 

teachers. The executive functioning scales most affected according to the parents 

were monitor (24%), working memory (22%) and inhibit (22%). The scales most 

affected according to the teachers were working memory (67%), initiate (42%), 

monitor (41%), and shift (39%). 
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Cranial Ultrasound Findings

Of the three children with bilateral spastic CP, one had bilateral PVHI and one had 

cystic PVL. 

The characteristics of the PVHI (i.e. localization and extension) were not related 

to the functional motor outcome, intelligence, visual perception, visuomotor 

integration and most items on behavior. In this respect verbal memory formed 

an exception. We found that two of the five children with the most extended 

PVHI (fronto-parieto-occipital) we tested had abnormal scores on verbal memory, 

compared to one out of ten with non-extended PVHI. With regards to behavior, 

parieto-occipital PVHI was related to abnormal scores on the Global Executive 

Composite score (Chi2, p=.019) and abnormal behavior monitoring (Chi2, p=.012) 

according to the teachers. 

PHVD was associated with several functional limitations. Children with PHVD were 

affected in their fine manipulative abilities more so than children without PHVD 

(Chi2, p=.016). Furthermore, they had poorer cognitive functions (Table 4). Cystic 

PVL was the only risk factor for a higher degree of functional motor disabilities. 

Performance IQ was extremely low in the one child with cystic PVL (40) and this 

child’s verbal IQ and other cognitive functions could not be assessed.
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TABLE 2 Patient demographics

Data are given as median (minimum-maximum) or as numbers (percentage).
1. Resuscitation was scored in case of external heart massage and/or use of epinephrine
2. Includes frontal, parietal, and frontoparietal infarctions
3. Includes parieto-occipital and occipital infarctions
Abbreviations: IUGR- intrauterine growth restriction; IPPV- intermittent positive pressure ventilation; 
HFO- high frequency oscillation; PVHI- periventricular hemorrhagic infarction; GMH- germinal matrix 
hemorrhage; PHVD- posthemorrhagic ventricular dilatation

Number       n=21
Males/females      12/ 9 
Gestational age (weeks)     27.6 (25.4-35.0)
Birth weight (grams)     1045 (700-2430)
IUGR (<P10)      n=1 (5)

Asphyxia
Resuscitation1      n=3 (14)
Apgar at 5 minutes (n=21)    8 (3-10)  
Umbilical cord pH (n=17)    7.21(6.83-7.42) 

Ventilatory support (IPPV or HFO)    n=19 (90)
Neonatal seizures (clinical)    n=3 (14)
Late onset morbidity

Retinopathy of prematurity (grade 1-2 vs. 3 and worse) n=7 (33) vs. n=2 (10)
Necrotizing enterocolitis    n=1 (5)
Late onset sepsis     n=4 (19)
Bronchopulmonary dysplasia    n=12 (57)

Socioeconomic status 
Below average      n=6 (30)
Average      n=6 (30)
Above average      n=8 (40) 

Characteristics of PVHI
Frontoparietal2      n=5 (24)
Parieto-occipital3     n=11 (52)
Fronto-parieto-occipital     n=5 (24)
Left / Right      n=10 (48) vs. n=9 (43)
Bilateral      n=2 (9)
Porencephalic cysts     n=12 (57)

Additional cerebral abnormalities
Grade 1-2 GMH     n=17 (33)
Grade 3 GMH      n=4 (19)
Unilateral GMH     n=12 (57)
Bilateral GMH      n=9 (43)
PHVD       n=8 (38) 
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TABLE 3 Cognitive and behavioral outcome in preterm infants with PVHI

     Normal2  Subclinical2 Clinical2

Cognitive outcome

Total intelligence (n=19)  8 (42)  9 (48)  2 (11)

Verbal intelligence (n=19)  14 (73)  3 (16)  2 (11)

Performance intelligence (n=21) 7 (33)  10 (48)  4 (19)

Visual perception (n=16)1  14 (88)  2 (12)  0 (0)

Form-constancy (n=15)  12 (80)  2 (13)  1 (7)

Visual closure (n=14)   9 (65)  3 (21)  2 (14)

Visuomotor integration (n=19)1  14 (74)  3 (16)  2 (10)

Verbal memory (n=12)1  6 (50)  3 (25)  3 (25)

Delayed recall   6 (50)  3 (25)  3 (25)

Recognition     10 (77)    2 (23)

Behavioral outcome

Total behavioral Problems (n=17) 9 (53)  2 (12)  6 (35) 

Internalizing problems (n=17)  12 (70)  2 (12)  3 (18)

Externalizing problems (n=17)  14 (82)  2 (12)  1 (6)

Executive functioning (parents) (n=17) 11 (65)  3 (18)  3 (18)   

Executive functioning (teachers) (n=17) 5 (29)  7 (41)  5 (29)

Data are given as numbers (percentage).
1. After correcting for mental age
2.  Normal was defined as >P15, subclinical as P5-P15 and clinical <P5, with regard to intelligence, 

normal was defined as IQ 85-115, subclinical as IQ 70-85 and clinical as IQ <70 
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Discussion

The present study indicated that the majority of children who had PVHI as preterm 

infants developed CP at school age (mean: 8 years), but mostly with limited 

functional impairment. On average, their intelligence was 17 IQ points lower than 

the average of the norm populations, but a majority (57%) still attended normal 

education. Of the other cognitive functions investigated verbal memory was 

particularly affected. Behavioral functioning was abnormal in 35% of the children 

and executive functioning was abnormal in 18% and 29% (parents and teachers). 

Hardly any associations between the characteristics of the PVHI and functional 

outcome were found.

The strength of this study is that we investigated outcome at school age (4 to 12 

years), which is more reliable than studying outcome at 2 to 3 years of age, as 

was the case in previous studies. We investigated motor, cognitive and behavioral 

functioning extensively and could therefore reliably describe the overall functional 

outcome of preterm children with PVHI.

In the present study 76% of the surviving children developed CP, which is similar 

to previous studies, with prevalences ranging from 50% to 85%.2-5,8 Functionally, 

motor outcome was only mildly restricted in the majority of the children. This result 

was also found by Brouwer et al. They found that 73% of children with PVHI, who 

developed CP, have GMFCS levels 1 and 2.7 In our study, children’s coordination 

and balance, associated movements and fine manipulative abilities were affected 

most. This is in agreement with the main characteristics of CP.15 However, abnormal 

reflexes and postural problems, which are also characteristics of CP, were found 

in only a minority of our children with CP. The presence of associated movements 

indicates neurological dysfunction and may be part of the hemisyndrome, in which 

case the neurologically impaired side shows more such movements.18

Previous studies showed no consensus on cognitive outcome in children with 

PVHI. Percentages of children with normal cognition range from only 20% up to 

79%.4,7,9 In the present study, cognitive tests revealed that intelligence was within 

1 SD of the mean of the norm group in 40% of the children and total IQ was 

approximately 17 points lower than that of the norm population. At first sight it 

seems that only a small proportion of children with PVHI is not affected cognitively. 
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However, preterm infants with similar gestational age but without lesions are already 

known to have lower IQs. A recent review of Aylward revealed that the IQ scores 

of preterm children are approximately 4 to 9 points lower when compared to term 

controls.27 A study of Taylor et al., from the same era as our own study, showed 

that preterm children had IQ scores that were 10 points lower than controls.28 

In this study, mean gestational age, birth weight and age of testing were similar 

to those of our study. From our own data it is known that, at 8 years of age, the 

mean IQ of preterm children without lesions is 5 points lower than that of the norm 

population.29 Therefore, if we take these children as the norm and compare our 

group to them, then 60% to 80% of the children would score within one SD of the 

mean. 

After correcting for mental age, visual perception and visuomotor integration were 

normal in the majority of children (88% and 74% respectively). In a previous study, 

visuomotor integration in children with intraparenchymal echodensities leading 

to porencephaly was impaired in comparison to a control group.30 Vollmer et 

al., however, could not demonstrate differences in visuomotor integration after 

parenchymal compared to non-parenchymal lesions.31 Our results suggested that 

the children’s poorer visual perception and visuomotor integration were related to 

a lower intellectual level rather than to a specific visual-perceptual or visuomotor 

impairment, since the majority of children scored within the normal range after 

correcting for mental age. 

By contrast, verbal memory might be a function that is affected in children with 

PVHI since, after correcting for mental age, only 50% of the children fell within 

the normal range. Especially recall of memorized words was impaired, and not 

recognition. Our results on memory are in line with previous studies, which showed 

that preterm infants are at risk for deficits in working memory and in recognition 

memory.32-34 This is the case especially in infants who sustained white matter 

injury.33

Behavioral problems occurred in 35% of the children with PVHI. Reijneveld et al. 

reported in 2006 that 13% of 402 preterm children without lesions had behavioral 

problems.35 The children had a similar gestational age, birth weight and SES 

compared to those in our study. Gray et al. reported in 2004 that 20% of 869 
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preterm children with higher gestational age (mean 32 weeks) and birth weight 

(mean 1799 grams), had behavioral problems.36 In the present study, executive 

functions were abnormal in 18% and 29% (parents and teachers), compared to 

13% in preterm infants without lesions.37 We also found that more children were 

in the subclinical group compared to a norm population, while the percentage of 

children in the clinical group was comparable.

It is striking that we hardly found associations between particular subtypes of 

the PVHI and outcome, since the common understanding is that larger lesions 

are prognostic for adverse outcome.8,10 The inability of ultrasound scans to 

predict outcome may be due to, for example, small sample size, different medical 

interventions or SES. In a previous study involving 36 infants, we did find that the 

most extended localization of PVHI (fronto-parieto-occipital) is associated with the 

development of CP, but not with the severity at 18 months.2 Two previous studies 

reported that more severe PVHI is associated with poorer cognitive outcome.4,9 

Sherlock et al. found that children with intraparenchymal echodensities and 

porencephaly have lower IQ scores.30 We found no such associations.

Regarding additional cerebral abnormalities, we found that PHVD was a risk 

factor for abnormal manipulative abilities and for poorer total and performance 

intelligence. This is in line with earlier studies, which also found that PHVD is a risk 

factor for lower intelligence. Ment et al. found that ventriculomegaly in 4-year-olds 

is an independent predictor of a very low total IQ (<70) compared to intraventricular 

hemorrhage with parenchym involvement and other risk factors in age mates.38 

Brouwer et al. showed that infants with intraparenchymal lesions and PHVD score 

significantly lower on developmental outcome than infants with intraparenchymal 

lesions without PHVD at 2 years of age.7

The results on outcome at school age in children with PVHI, as demonstrated by 

the present study, were better than was previously thought. Studies on risk factors 

for adverse outcome in preterm infants often classify infants with parenchymal 

lesions at great risk for adverse outcomes,31,39,40 but when focussing specifically on 

preterm infants with PVHI, the present study showed that the majority of children 

had only limited functional impairment. It appeared that the characteristics of the 

PVHI in themselves were not risk factors for adverse outcome. An explanation for 
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this finding might be that the influence of PVHI on short-term outcome decreases 

later on in life. Development and learning may have contributed to a better outcome 

than previously reported. Little understood processes involving plasticity of the 

brain may have contributed to this phenomenon. 

This study is subject to potential limitations such as it being a single center study 

and the small number of children. It stands to question whether our results are 

applicable to other nurseries. We tried to minimize this problem by the use of 

standardized testing. Another limitation is that we did not include neuroimaging in 

our follow-up program. We therefore may have missed small but relevant additional 

lesions.

Hence, our results should be interpreted with caution. Further research with larger 

groups is needed to investigate outcome in adulthood after PVHI at preterm age.

Conclusions

The majority of surviving preterm infants with PVHI had CP with limited functional 

impairment at school age. In 60% to 80% of the children intelligence was within 

1 SD of the mean of preterm children without lesions. Verbal memory in particular 

may be affected by the PVHI. Behavioral functioning was abnormal in 35% of 

the children and executive functioning was abnormal in 18% and 29% (parents 

and teachers). Hardly any associations existed between the characteristics of the 

PVHI and functional outcome. PHVD was an independent risk factor for lower 

intelligence (performance and total) and fine manipulative abilities. Functional 

outcome at school age of preterm children with PVHI is better than previously 

reported.
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Abstract

Background

Neonatal seizures may persist despite treatment with multiple anti-epileptic drugs 

(AEDs).

Objective

To determine in term-born infants with seizures that required two or more 

AEDs, whether treatment efficacy and/or the underlying disorder were related to 

neurological outcome.

Design/Methods

We included 82 children (born 1998-2006) treated for neonatal seizures. We recorded 

mortality, aetiology of seizures, the number of AEDs required, achievement of seizure 

control, and amplitude-integrated-EEG (aEEG) background patterns. Follow-up 

consisted of an age-adequate neurological examination. Surviving children were 

classified as normal, having mild neurological abnormalities, or cerebral palsy 

(CP). 

Results

Forty-seven infants (57%) had status epilepticus. The number of AEDs was not 

related to neurological outcome. Treatment with three or four AEDs as opposed 

to two showed a trend towards an increased risk of a poor outcome, i.e. death or 

CP, odds ratio (OR) 2.74; 95% confidence interval (CI) 0.98-7.69; p=.055. Failure to 

achieve seizure control increased the risk of poor outcome, OR 6.77; 95%-CI 1.42-

32.82, p=.016. Persistently severely abnormal aEEG background patterns also 

increased this risk, OR 3.19; 95%-CI 1.90-5.36; p<.001. In a multivariate model 

including abnormal aEEG background patterns, failure to achieve seizure control 

nearly reached significance towards an increased risk of poor outcome, OR 5.72, 

95%-CI 0.99–32.97, p=.051. We found no association between seizure aetiology 

and outcome. 
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Conclusions

In term-born infants with seizures that required two or more AEDs outcome was 

poorer if seizure control failed. The number of AEDs required to reach seizure 

control and seizure aetiology had limited prognostic value. 
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Introduction

The incidence of seizures is higher in the neonatal period than in any other period 

of life and is estimated at approximately 3 per 1000 live births.1,2 In term infants, the 

most common cause of seizures is perinatal asphyxia. Other causes are cerebral 

infarction, cerebral haemorrhage, and infection.1,3-5 Neonatal seizures are associated 

with the development of neurological impairments in later life, such as cerebral palsy 

(CP), microcephaly, epilepsy, and psychomotor retardation.3,4 

Several anti-epileptic drugs (AEDs) are used for the treatment of neonatal seizures. 

Throughout the world, in accordance to international guidelines, phenobarbitone is 

the first choice of treatment. Failing this, a number of other AEDs including midazolam, 

lidocaine, phenytoin, diazepam, and clonazepam are available as second-choice 

drugs. Seizures may, however, persist in some infants despite treatment with multiple 

AEDs. This may either be a reflection of the severity of the underlying brain disorder 

that leads to the seizures, or the damaging effect of the recurrent and ongoing seizures 

themselves, or a combination of both. Ronen et al. suggest that the necessity to treat 

seizures with multiple drugs and the success of anticonvulsive treatment to achieve 

seizure control may have prognostic value for neurological outcome.1 

To date, the long-term neurodevelopmental outcome of children with recurrent 

seizures during the neonatal period is largely unknown. Particularly, the association 

between long-term outcome and the number of AEDs required and whether seizure 

control had been achieved, is unknown. Our primary aim, therefore, was to determine 

whether treatment efficacy, i.e. the number of AEDs required and seizure control, 

had prognostic value for outcome in term-born infants treated with two or more 

AEDs. Our second aim was to determine whether the underlying disorder causing 

the seizures had prognostic value for outcome. Our hypotheses were that a higher 

number of AEDs and the seizures persisting despite therapy were associated with 

poor outcome, irrespective of the underlying disorder. 
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Materials and Methods

Subjects

We selected all the term-born infants that had been admitted to the Neonatal 

Intensive Care Unit (NICU) of the University Medical Center Groningen between 1 

January 1998 and 31 December 2006 and that had been diagnosed with seizures. 

The study was approved by the Medical Ethical Committee of University Medical 

Center Groningen. We examined the infants’ medical charts and included those 

infants that had been treated with two or more AEDs. We excluded infants with 

major chromosomal and congenital anomalies. 

Perinatal and Neonatal Clinical Data

From the medical charts we obtained data on gestational age, birth weight, Apgar 

scores, and mode of delivery and we noted the age of onset of the seizures in 

hours after birth. Asphyxia was diagnosed by the presence of at least two of the 

following signs: foetal distress (abnormal cardiotocogram and/or meconium-

stained amniotic fluid), Apgar scores of <5 after 5 minutes, need for artificial 

ventilation for >5 minutes, resuscitation (external heart massage and/or the 

use of epinephrine), and umbilical cord pH (arterial pH <7.10). We identified the 

causes of seizures, based on the combination of findings regarding the history, 

physical and neurological examination, laboratory results, e.g. blood glucose, and 

neuro-imaging, all obtained during the first weeks after birth. Neuroimaging was 

performed by cranial ultrasonography, in many cases complemented by Magnetic 

Resonance Imaging. 

Amplitude Integrated EEG (aEEG) Patterns

We started recording of infants admitted with seizures or suspected seizures 

immediately following admission. The aEEGs were recorded by either one of 

two cerebral function monitors (CFM): the analogue Lectromed® Multitrace 2 

or the digital Olympic® CFM 6000 (from September 2003 onwards). When the 

former was used, it was calibrated every 24 hours. The nursing staff recorded 

all nursing and medical procedures including the occurrence of clinical seizures 

and the timing of the administration of all medication. The aEEGs were analyzed 



Functional Development at School Age of Newborn Infants at Risk

by pattern recognition based on Toet et al.6 For this study, we assessed the 

patterns on the presence of epileptic discharges and status epilepticus (epileptic 

state).7 We also analyzed background patterns such as continuous normal voltage 

(CNV), discontinuous normal voltage (DNV), continuous low voltage (CLV), burst 

suppression (BS), and flat trace (FT). 

Treatment of Seizures 

We obtained information on treatment with AEDs from the medical and nursery 

charts. According to the protocol at our NICU, the drug of first choice was 

phenobarbitone at a loading dose of 20 mg/kg, administered intravenously. 

Approximately 30 to 60 minutes were allowed to establish, both clinically and 

electrographically, whether the seizures had stopped. If they persisted or recurred, 

we administered an additional 10 mg/kg phenobarbitone. Our second-choice drug 

was lidocaine (2 mg/kg intravenous loading dose, 6 mg/kg/h maintenance therapy) 

if the seizures persisted. Midazolam (0.05 mg/kg intravenous loading dose, 0.15 

mg/kg/h maintenance therapy) was our third-choice drug. In infants born from 

2001 onwards, our second-choice drug for treating seizures was midazolam and 

lidocaine our third-choice. We used the same dosing schedules as mentioned 

above. During the entire study period clonazepam was our fourth-choice drug (0.1 

mg/kg administered intravenously and repeated after 10 minutes, if necessary). 

We evaluated the effect of treatment both clinically, as recorded in the medical 

charts, and according to the aEEG recordings. We considered treatment with AEDs 

to have been successful, i.e. seizure control was achieved, if the seizures stopped 

(no more seizures) and did not recur, neither clinically nor electrographically. 

Outcome 

We determined the mortality rate and cause of death. Follow-up of the survivors 

was part of the regular follow-up programme of children that had been admitted 

to the NICU, and consisted of paediatric and neurological examinations. Parents 

gave their informed consent to participate in the follow-up programme.

The follow-up programme consisted of Hempel’s age-specific neurological 

examination for children aged one-and-a-half to four years.8 This examination 
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was developed to detect subtle neurological abnormalities by observing the 

child during play. It assesses seven subcategories: posture, coordination of trunk 

and extremities, fluency and adequacy of movements, sensorimotor functions, 

cranial nerves and development.8 Children with abnormalities on two or more 

subcategories were diagnosed as having minor neurological dysfunction (MND).9 

For children older than four years we used Touwen’s age-specific neurological 

examination.10 Eight subcategories were assessed: posture and muscle tone, 

reflexes, choreiform dyskinesia, coordination and balance, fine manipulative ability, 

cranial nerves, sensory integrity, and rarely occurring dysfunctions including an 

excess of associated movements. The children were diagnosed as having MND in 

the presence of dysfunction in three or more subcategories.9,10 

Following Bax’ criteria, the presence or absence of cerebral palsy (CP) was 

determined when infants had reached the age of at least 18 months.11 In case of CP, 

gross motor functioning was scored using the Gross Motor Function Classification 

System (GMFCS).12 This is a functional, five level classification system for CP based 

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

and walking. The higher the level the more serious the impairment of functional 

abilities.

Epilepsy at Follow-up

In addition to categorising outcome as normal, mild, or major neurological 

abnormalities, we determined the presence of epilepsy during follow-up. Epilepsy 

was defined as at least two unprovoked seizures a year during follow-up. In these 

cases we also recorded whether anti-epileptic treatment was started. 

Statistical Analyses

For all the statistical analyses we used SPSS version 16.0. We first established 

whether the infant had survived the neonatal period. Next we classified outcome 

into any of four categories: normal, mild neurological abnormalities, major 

neurological abnormalities, and death. Children classified as normal showed no 

neurological signs or the neurological dysfunction was below the cut-off for MND. 

Children classified as having mild neurological abnormalities had MND but no CP. 
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Children with CP were classified as having major neurologic abnormalities. 

We used the X2 test for trend and Fisher’s exact test to evaluate the relations between 

seizure aetiology, the number of AEDs, seizure control, and outcome results. To do 

logistic regression analyses, we divided the above mentioned four categories into 

two groups: ‘good outcome’ (normal and mild neurological abnormalities) and ‘poor 

outcome’ (major neurological abnormalities and death). In addition, we assessed the 

relation between the presence of epilepsy at follow-up and seizure-related factors 

during the neonatal period. Results were expressed in odds ratios (OR) including 

95% confidence intervals (CI). Finally, we performed backward multiple logistic 

regression analyses to determine which factors were independently associated with 

outcome. Throughout the analyses p<.05 was considered statistically significant. 
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Results 

Between 1998 and 2006, 147 term infants with neonatal seizures were admitted to 

our NICU. Fifty-two infants were treated with one drug only and were not included 

in the study for that reason. Ninety-five infants were treated with two or more AEDs. 

After excluding 13 infants with major congenital or chromosomal abnormalities, 82 

children remained. 

Patient Characteristics

In Table 1 we present an overview of the patient characteristics and the underlying 

causes of the seizures. In all cases the onset of the seizures was from half an hour to 

more than five days after birth. Asphyxia was the most common cause of the seizures 

(n=55) followed by subdural haemorrhage (n=8), arterial cerebral infarction (n=7), and 

infection (n=6). Ten children had two potential causes for the seizures. All ten had 

intracranial haemorrhages or cerebral infarctions, combined with asphyxia in five 

children, bacterial infection in one child, a combination of subdural/subarachnoidal 

and intraparenchymal haemorrhage in two children, and a combination of subdural 

haemorrhage and infarction in two children.

aEEG Patterns

The aEEG recordings of the infants showed status epilepticus at admission in 26 

infants (32%) and during the clinical course in another 21 infants (26%). In 29 infants 

(35%), background activity of the aEEG at admission was scored as DNV or CNV, 

in 14 (17%) as BS and in 13 infants (16%) as FT. During admission, aEEG patterns 

of 48 infants (59%) remained normal or normalised into CNV or DNV. In 34 infants 

(41%) the patterns remained or became severely abnormal, i.e. FT and BS. During 

the clinical course, the most severely abnormal aEEG patterns were FT in 21 infants 

(26%), BS in 27 (33%), and status epilepticus (without FT or BS) in 16 infants (20%). 

Eighteen infants (22%) had consistently normal (CNV or DNV) aEEG patterns.
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Number of AEDs and Seizure Control

The number of AEDs required to treat seizures and the achievement of seizure control 

are presented in Figure 1. Twenty-one infants (26%) were treated with two AEDs, 36 

(44%) with three AEDs, and 25 (30%) with four AEDs. In 21 of the infants (26%) 

seizure control was achieved after administering a second AED, in another 27 (33%) 

after administering a third drug, and finally in another 17 (21%) after we administered 

a fourth drug. In 17 infants (21%) the seizures persisted despite therapy, 8 of these 

infants (10%) received four AEDs. Thus, 9 infants received three AEDs although 

seizure control was not achieved. Our reasons for not administering a fourth AED 

were various: short and/or unrecognised (electrographic) seizures and normal to 

high plasma levels of midazolam with the notion that clonazepam belonged to the 

same category of AED. Sometimes it remained unresolved. Of the 17 infants in 

whom seizures persisted despite therapy, 12 had asphyxia, 2 had arterial cerebral 

infarctions, 2 had meningitis, and in 1 infant the cause remained unresolved, but 

was presumably based on an unknown inborn error of metabolism. The distribution 

of aetiologies and neuroimaging findings of the infants in whom seizure control was 

achieved did not differ from that of the infants in whom seizure control failed. 

Outcome

Of the 82 infants, 31 (38%) children died. In 22 children intensive care treatment 

was withdrawn because of very poor prognosis based on the combined results of 

clinical findings, neuroimaging, background patterns of aEEG, and conventional 

EEG. Failure to achieve seizure control, whether clinically or on aEEG, was not a 

criterion to withdraw intensive care treatment. Nine children died due to combined 

respiratory and circulatory failure despite maximum treatment. 

Forty-five of the 51 survivors (88%) participated in the follow-up programme. Three 

sets of parents declined to participate while another three sets were lost to follow-up. 

Thus, outcome was known of 76 children (93%) of the total study group. Seventeen 

(38%) of the 45 children examined at follow-up were normal. Thirteen children (29%) 

had minor neurological abnormalities. These children all had coordination problems 

and most children also had deviations of development, abnormalities in the fluency 

and/or adequacy of movements, and/or in fine motor skills. Fifteen children (33%) 
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had major neurological abnormalities (14 had spastic CP and one dyskinetic CP) 

with GMFCS ranging from levels I to V (median II). 

The Number of AEDs in Relation to Outcome

We found no relation between the number of AEDs and outcome (Figure 2A). 

Nevertheless, treatment with three or four AEDs as opposed to two AEDs showed 

a trend towards an increased risk of neonatal death (OR 2.60; 95% CI 0.85 - 7.97; 

p=.095); and of poor outcome (OR 2.74; 95% CI 0.98 - 7.69; p=.055). Treatment with 

four AEDs, as opposed to treatment with two or three AEDs, did not increase the risk 

of neonatal death or poor outcome. In addition, the number of AEDs was not related 

to the cause of the seizures.

Seizure control in relation to outcome

The outcome of children in whom seizure control had not been achieved was worse 

than that of children in whom seizure control had been achieved (Figure 2B). Of the 

17 children in whom seizure control had not been achieved, 13 (76%) died and of 

the 65 in whom seizure control had been achieved, 18 (28%) died. Failure to achieve 

seizure control increased the risk of neonatal death considerably (OR 8.49; 95% CI 

2.44 - 29.48; p=.001). It was also related to outcome categorised into four categories 

(p=.004). The risk of poor outcome, i.e. death and CP, was significantly increased if 

seizure control had not been achieved (OR 6.77; 95% CI 1.42 – 32.82; p=.016). Of 

the four surviving infants in whom seizure control had not been achieved two were 

classified as normal and two had CP with GMFCS levels IV and V (not significant). 

The Cause of Seizures and Outcome

The most common cause of seizures was asphyxia. It reached a nearly significant 

relation with death in the neonatal period. In the neonatal period, 24 of the 55 children 

(44%) with asphyxia died compared to seven out of 27 children (26%) with other 

causes underlying the seizures (Fisher’s exact test, p=.094). There were no other 

relations between the several causes of the seizures and outcome (Table 2). Taken 

together, intracranial haemorrhage (subdural, subarachnoidal, and intraparenchymal 

haemorrhage), arterial cerebral infarction, and cerebral venous sinus thrombosis, 
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were not related with outcome either. Finally, the outcome of the ten children with 

more than one potential cause for the seizures did not differ from the children with a 

single aetiology for seizures.

aEEG Patterns and Outcome

The outcome of the children was significantly related to the course of the aEEG 

patterns. Out of the 33 children in whom aEEG patterns became or remained 

severely abnormal (FT and BS), 31 had a poor outcome, i.e. death and CP. Still, of 

the 43 children in whom background patterns became or remained normal, 15 had 

a poor outcome (Fisher’s exact, p<.001). There was a significant relation between an 

abnormal background pattern on the last aEEG registration and poor outcome (OR 

3.19; 95% CI 1.90-5.36; p< .001).

Status epilepticus was observed on aEEG in 44 of the 76 children of whom 

outcome data were available. Twenty of them died, 12 developed CP, 4 had mild 

neurological abnormalities and 8 were classified normal. Of the 32 children in whom 

status epilepticus was not observed on aEEG, 11 died, 3 developed CP, 9 had 

mild abnormalities and 9 were classified normal. This distribution nearly reached 

significance (X2 test for trend, p=.074).

Epilepsy at Follow-up

Epilepsy was diagnosed during follow-up in 13 of the 45 surviving children (29%): 

ten during the first year, two the second year, and one child during the fourth year. 

Epilepsy was more frequent in children with major neurological abnormalities, i.e. CP 

(X2 test for trend, p=.004). There was no relation between the development of epilepsy 

and the number of AEDs, causes of the seizures, specific neuroimaging findings, 

presence of status epilepticus on aEEG, and achievement of seizure control. 

Multivariate Analysis

We performed a multivariate logistic regression analysis to investigate which 

seizure-related factors contributed independently to death and poor outcome. 

Factors which had shown associations with poor outcome at p<.10 were entered 

as predictors: seizure control, and treatment with three or four AEDs, as opposed 
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to two AEDs. Regarding neonatal death, failure to achieve seizure control remained 

in the model (OR 8.49; 95% CI 2.44 - 29.48; p=.001). It explained 20.7% of the 

variance. Regarding good and poor outcome, again only failure to achieve seizure 

control remained in the model (OR 6.77; 95% CI 1.42 – 32.28, p=.016) explaining 

13.5% of the variance. We did not perform a multivariate logistic regression analysis 

among survivors to determine independent predictors of neurological development. 

The reason for this was that in some groups there were so few survivors so as to 

render statistical analyses inappropriate. 

We repeated the analyses entering the course of aEEG patterns in the model, 

together with seizure control and treatment with three or four AEDs, as opposed to 

two AEDs. Regarding good and poor outcome, the course of aEEG patterns (OR 

3.08, 95% CI 1.82 – 5.24, p<.0001) and failure to achieve seizure control (OR 5.72, 

95% CI 0.99 – 32.97, p=.051) remained independently in the model, of which failure 

to achieve seizure control nearly reached significance. The model explained 47.7% 

of the variance.
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TABLE 1 Patient characteristics and aetiology of seizures

Patient characteristics (n=82)

Male / Female    52/30

Gestational age (weeks)   40.0 (36.4 – 42.4)

Birth weight (grams)    3405 (2000 – 5475)

Onset of seizures (hours post partum)  4.0 (0.5- 135)

Age at follow-up (years)   4.0 (1.5 – 9)

Cause of seizures1

Asphyxia2     n=55 (67%)

Subdural haemorrhage   n=8 (10%)

Arterial cerebral infarction   n=7 (9%)

Infection / meningitis    n=6 (7%)

Intraparenchymal haemorrhage  n=4 (5%)

Hypoglycaemia3    n=3 (4%)

Miscellaneous causes4   n=2 (2%)

Cerebral venous sinus thrombosis  n=2 (2%)

Subarachnoïdal haemorrhage   n=1 (1%)

Unknown     n=4 (5%)

Data are given as median (minimum-maximum) or as numbers (percentage).
1.  Given as percentage of the total group. Since 10 infants had more than one cause for the seizures 

the total is > 100%
2.  Asphyxia was defined as two or more of the following criteria present: Signs of foetal distress 

(abnormal cardiotocogram and/or meconium-stained amniotic fluid); Apgar score of <5 after 5 
minutes; need for artificial ventilation for more than 5 minutes; resuscitation (external heart massage 
and/or use of epinephrine); umbilical cord pH <7.10

3.  Hypoglycaemia was defined as: blood glucose < 2.0 mmol/L or symptomatic hypoglycaemia with 
blood glucose <2.6 mmol/L

4. Kernicterus (n=1) and urea cycle disorder (n=1)
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Persistent seizures

   3rd drug (n=61)

Persistent seizures

   4th drug (n=25)

Seizure control

n = 27 (33%)

Seizure control

n = 17 (21%)

Persisting seizures, no other drugs

n = 9 (11%)

Persisting seizures, no other drugs

n = 8 (10%)

Persistent seizures despite first choice 

treatment

2nd drug

Seizure control

n = 21 (26%)

Figure 1 Distribution of children that received two, three, and four
anti-epileptic drugs in relation to seizure control
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In six of the children the outcome was unknown. Of these, one child received two drugs, three 
children received three drugs, and two children received four drugs.
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Discussion

With this study we demonstrated that seizures persisting despite anticonvulsant 

treatment in children receiving two or more AEDs were highly prognostic for poor 

outcome. Especially the risk of neonatal death was significantly increased. Moreover, 

we found that an increasing number of AEDs required to control seizures had some 

prognostic value. Treatment with three or four AEDs, as opposed to two AEDs, 

increased the risk of poor outcome: either death or CP. Seizure aetiology was not 

associated with outcome.

Our most striking finding was that failure to achieve seizure control was strongly 

associated with poor outcome rather than the number of AEDs required. Not 

surprisingly, persistently severely abnormal aEEG background patterns were most 

predictive of a poor outcome. Previously, the predictive value of aEEG background 

patterns have been demonstrated beyond doubt in asphyxiated infants.5-7 In our 

study, asphyxia was by far the most common cause of therapy-resistant seizures. 

It was found in two thirds of our children. Still, failure to achieve seizure control 

remained independently in the multivariate model, although its predictive value for 

adverse outcome now just failed to reach statistical significance. Previously, Castro 

et al. also reported that seizures persisting despite adequate therapy are prognostic 

for adverse outcome.13 They found that outcome at one year was better in children 

with seizure control with two or more AEDs than in children with persistent seizures 

with single or two-drug treatment.13 Their study group, however, was very small with 

only 13 children receiving midazolam as second-choice drug. Ronen et al., in their 

study on risk factors for adverse outcome following neonatal seizures, suggested 

that the need for multiple AEDs is a sign for poor outcome.1 Unlike us, they also 

included children that had been treated with only one AED. It is not clear from their 

study whether treatment with two or more AEDs, as opposed to one drug only, 

increased the risk of poor outcome. Possibly this fact was responsible for their 

findings. Our study on a large, high-risk group of children since they all required two 

or more AEDs, makes us believe that in these children achieving seizure control is 

more important than the number of AEDs required in the management of neonatal 

seizures.



125Chapter 5   Long-Term Neurological Outcome of Term-Born Children Treated with Two or More  
Anti-Epileptic Drugs in the Neonatal Period

We did not find a relation between seizure aetiology and outcome. Others have 

reported that prognosis is strongly related to the aetiology of the seizures.4 In particular, 

asphyxia and cerebral haemorrhage are related to poor outcome.1,4,11 We think that 

the discrepancy can be explained by the differences in study populations. The 

seizures in the children of our study were difficult to treat because two or more AEDs 

were considered clinically necessary. Perhaps the severity of the underlying brain 

damage, irrespective of its cause, led to the seizures being impervious to treatment. 

We found that asphyxia was a relatively common cause for the seizures among 

children that died, but the association just failed to reach statistical significance. 

In the present study the age at follow-up ranged from one-and-a half to nine years. 

We only investigated neurological and motor functioning; cognitive functions were 

not tested in our follow-up programme. Of the surviving children the outcome in 

38% was normal, in 29% it was mildly abnormal, and in 33% outcome was severely 

abnormal. Other studies on neonatal seizures, without considering the number of 

AEDs, report comparable percentages of surviving children with normal outcomes 

(35-54%), mildly abnormal outcomes (37%), and severely abnormal outcomes 

(28%).1,4,14 This suggests that the requirement of multiple AEDs is not a poor 

prognostic sign per se. This is supported by our finding that outcome did not differ 

between children that required three versus four AEDs. 

We found that 29% of the surviving children developed epilepsy three months or 

more after discharge from our NICU. The development of epilepsy was strongly 

related to CP. Other studies in term-born infants that do not distinguish between the 

number of AEDs, reported percentages ranging from 9.4 to 29%.1,4,14-16 As was the 

case in our study, they found a strong association between development of epilepsy 

and poor neurological outcome.15 We were unable to identify neonatal risk factors 

that were independently associated with the development of epilepsy. 

It may well be that cerebral injury is the keystone of a poor response to AEDs. It 

explains the adverse outcome in children with seizures persisting despite therapy. 

Whether the seizures themselves are harmful for the brain remains unresolved. Several 

studies indicated that seizures may disrupt brain development in infants.2,17,18 This 

is in line with our findings of a better neurological outcome in the children in whom 

seizure control had been achieved. Other studies found the number or duration of 
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seizures to be predictive of poor outcomes which suggests that seizures cause 

additional damage.3,14,15,19 Finally, it has been suggested that AEDs interfere with 

brain development or even initiate apoptotic neurodegeneration.20,21 Especially the 

combination of several different AEDs would cause these changes. This is, however, 

highly speculative and could be neither confirmed nor denied by our data.

Strengths of our study are that we took both clinical and subclinical seizures 

into consideration and that we included a large number of children with a high 

percentage remaining for follow-up. We also recognise some limitations. We only 

included children treated with two or more AEDs; we did not include a control group 

of children, e.g. children treated with only one drug. Since the latter group is usually 

not referred to a NICU, including these children would have biased our results. 

Another limitation was the fact that ours was a single-centre study. Even though 

referring hospitals follow the same guidelines for treatment, caution should be taken 

to generalise our results to other centres. A third limitation was that we do not have 

data on cognitive outcome. Finally, our study was retrospective. 

Our study may have implications. On the basis of our findings it seems to be more 

important to achieve seizure control than to restrict the number of AEDs, irrespective 

of the aetiology of the seizures. It might be that newer AEDs such as levetiracetam 

and topiramate are more successful in stopping neonatal seizures than the AEDs 

currently used. Nevertheless, further research is needed to assess in detail the use 

of these drugs in newborns and to find optimal dosing regimens.22 

Conclusion 

Our study demonstrated that persistent seizures in term-born newborns, despite 

multiple AEDs, are prognostic for poor outcome. We also found that treatment with 

three or four AEDs, as opposed to two, had some prognostic value. Persistently 

severely abnormal aEEG background patterns were most predictive of a poor 

outcome. It may well be that cerebral damage is the common underlying factor, 

related both to the difficulty in achieving seizure control and to poor neurological 

outcome. Additionally, ongoing seizures and AEDs may possibly exacerbate already 

existing brain damage. Our findings may have implications for the treatment policy 

of neonatal seizures.
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Abstract

Purpose

Our aims were 1. to assess the corticospinal tracts (CSTs) in infants with focal injury 

and healthy term controls using probabilistic tractography and 2. to correlate the 

conventional MRI and tractography findings in infants with focal injury with their later 

motor function.

Methods

We studied 20 infants with focal lesions and 23 controls using magnetic resonance 

imaging (MRI) and diffusion tensor imaging. Tract volume, fractional anisotropy (FA), 

apparent diffusion coefficient (ADC) values, axial (AD) and radial diffusivity (RD) of 

the CSTs were determined. Asymmetry indices (AIs) were calculated by comparing 

ipsilateral to contralateral CSTs. Motor outcome was assessed using a standardized 

neurological examination.

Results

Conventional MRI was able to predict normal motor development (n=9) or hemiplegia 

(n=6). In children who developed a mild motor asymmetry (n=5), conventional MRI 

predicted a hemiplegia in 2 and normal motor development in 3 infants. The AIs for 

tract volume, FA, ADC and RD showed a significant difference between controls and 

infants who developed a hemiplegia and RD also showed a significant difference in 

AI between controls and infants who developed a mild asymmetry.

Conclusion

Conventional MRI was able to predict subsequent normal motor development or 

hemiplegia following focal injury in newborn infants. Measures of RD obtained from 

diffusion tractography may offer additional information for predicting a subsequent 

asymmetry in motor function.
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Introduction

Neonatal arterial ischemic stroke (AIS) and hemorrhagic parenchymal infarction (HPI) 

can be reliably identified on magnetic resonance imaging (MRI). AIS most commonly 

affects the territory of the left middle cerebral artery (MCA)1 whilst HPI occurs mainly 

in preterm infants affecting tissue adjacent to the body of the lateral ventricles. 

Motor impairment and hemiplegia frequently follow focal lesions in the region of the 

corticospinal tracts (CST).2-5 Conventional MRI studies have demonstrated that injury 

to the basal ganglia, posterior limb of the internal capsule (PLIC), and hemispheric 

tissue following AIS is associated with hemiplegia, whereas injury to only one or two 

of these sites is associated with a good motor outcome.2 In preterm infants with HPI 

asymmetry in the signal intensity in the PLIC on MRI at term equivalent age (TEA) is 

associated with the development of a hemiplegia.5

Diffusion tensor imaging (DTI) is an MRI technique that characterizes the diffusion 

properties of water molecules in tissue. In cerebral white matter (WM) water diffuses 

preferentially along the direction of axons (axial diffusion, AD) and is relatively 

restricted perpendicular to axons (radial diffusion, RD), this directional dependence 

is termed anisotropy. Quantitative measures derived from DTI provide objective and 

reproducible assessment of WM and have provided insights into neonatal brain 

development and injury.6-9 Additionally, DTI allows visualization of WM tracts in-vivo. 

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

is parallel to the underlying dominant fibre orientation. By following this direction of 

greatest diffusion on a voxel by voxel basis, 3 dimensional reconstructions of WM 

tracts are possible. Probabilistic tractography allows the quantitative assessment of 

WM tracts in regions of relatively low FA such as in unmyelinated WM.10,11

Diffusion imaging in acute AIS shows the region of infarction as high signal intensity 

(SI) on DTI and low SI on the ADC map, representing restricted diffusion of water 

molecules, before the infarction is clearly visualised on conventional imaging.12,13 

With AIS DTI changes in the PLIC, cerebral peduncle and brainstem remote from the 

stroke in the acute period are associated with the developmental of hemiplegia.14,15 

There is little data on DTI in preterm infants with HPI in the acute period, however, 

tractography is able to demonstrate disruption of the affected CSTs on later imaging.11 

To our knowledge, there have been no studies assessing the CSTs in infants with 
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focal lesions using tractography in the neonatal period. Furthermore, there have 

been few tractography studies assessing the healthy infant brain.16,17

The primary aim of this study was to assess, in infants with a focal lesion of perinatal 

onset, the CSTs from the cerebral peduncle to the cortex using probabilistic 

tractography and to correlate the conventional MRI and tractography findings at 

term with later motor function. We hypothesized that asymmetries in CST diffusion 

properties would predict impaired motor function. In order to achieve our primary 

aim we needed to establish normative values for the diffusion properties of the CSTs 

in healthy infants.
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Materials and Methods

Approval for MRI was granted by the local Research Ethics Committee and written 

parental consent was obtained prior to scanning.

Subjects

Infants born between October 2005 and October 2009 who underwent MRI and DTI, 

had an AIS or HPI and who had a neurodevelopmental assessment at ≥12 months of 

age were included. We also studied 23 healthy term-born control infants.

Imaging

MRI was performed on a Philips 3 Tesla system using a phased array head coil. Case 

infants were sedated with 30-50 mg/kg oral chloral hydrate. Control infants were 

imaged during postprandial sleep. Throughout the examination, pulse oximetry and 

electrocardiography were monitored and a pediatrician trained in MRI procedures 

was in attendance.

3D MPRAGE and dual echo weighted imaging was obtained prior to DTI. Single shot 

echo planar DTI was acquired in either 15 or 32 non-collinear directions using the 

following parameters: TR 7230-9765 ms, TE 49 ms, slice thickness 2mm, voxel size 

1.75 x1.75 x 2mm3, b value 750 s/mm2. The data were acquired with a SENSE factor 

of 2. All MR images were reviewed by an experienced perinatal neuroradiologist 

(M.A.R.) unaware of outcome.

Probabilistic Tractography

Image processing was performed using FSL18 and scalar maps of ADC, FA, λ1, λ2 

and λ3 were generated. Seed and waypoint masks were generated on color coded 

FA maps and tractography was performed as described previously.19

Assessment of Motor Function

Neurological status was assessed using the Hammersmith Infant Neurological 

Examination20 and the presence of hemiplegia was determined. Asymmetries of limb 

function and hand preference were looked for and the independence and quality 

of finger movements noted. Children with minor asymmetries of tone, posture or 
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reflexes or a hand preference but who had normal symmetrical independent finger 

movements and good bimanual function were classified as being asymmetrical but 

not to have a hemiplegia.

 

Statistical Analyses

Volume, FA, ADC, AD (λ1) and RD ([λ2 + λ3]/2) of the CSTs were determined. From 

the control infant data an asymmetry index (AI) for these parameters was calculated 

using [2 x (mean left tract–mean right tract))/(mean left tract+ mean right tract)].21 

For the infants with a focal lesion an AI for these parameters was determined using 

[2 x (mean contralateral tract-mean ipsilateral tract))/ (mean contralateral+ mean 

ipsilateral tract)]. The AI for tract volume, FA, ADC, AD and RD in the case infants 

were assessed to see if they were outside the AI range obtained in the healthy 

controls. Next, the data were tested for normality and found compatible with a 

normal distribution. One way ANOVA was performed to assess between groups 

differences in AIs of the diffusion measures (controls and cases which were divided 

into 3 groups based on their motor performance; those who had no evidence of 

asymmetry, those who had an asymmetry and those who developed a hemiplegia). 

Results were corrected for multiple comparisons using a Bonferroni test. Where 

a significant difference was observed, post-hoc analyses were performed using 

Tukey’s HSD and Dunnett’s test.

Tractography was repeated in 5 healthy controls. The coefficient of variation was 

<3% for tract volume and FA.
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Results

Subjects

Twenty-four infants were found to have a unilateral focal lesion underwent MRI and 

DTI between October 2005 and October 2009. DTI data was corrupt due to motion 

in 1, could not be retrieved from archive in 1 and follow-up data was not available 

for 2 cases. Our study group consisted of 20 infants who had MRI and DTI data 

available for analysis and who had early neurodevelopmental assessment. The 

infants were imaged at a median age of 24 (range 3 – 97) days after birth, at a median 

post-menstrual age of 41 (range 39 – 46+5) weeks. Their clinical characteristics are 

shown in Table S1. We also studied 23 healthy term control infants, with a median 

gestational age of 40 weeks (range 38 - 41+5) and median birth-weight of 3657 grams 

(range 2790-4304).

MRI Findings

MRI findings for the infants are described in Table 1. Based on the criteria of 3 site 

involvement (basal ganglia, PLIC, hemisphere) in MCA infarction2 or asymmetrical 

PLIC at TEA following HPI,5 the imaging findings predicted a hemiplegia in 8 infants 

and normal motor development in 12. No lesions or PLIC asymmetries were found in 

the control infants. Conventional MRI, diffusion images and ADC maps for an infant 

with subsequent normal motor function and an infant who developed a hemiplegia 

are shown in Figures 1 and 2 respectively.

Tractography

Infants with lesions: DTI was obtained in 15 non-collinear directions in 9 infants and 

in 32 noncollinear directions in 11 infants. In 3 infants who had extensive brain injury 

we were not able to generate a connectivity distribution in the CST in the hemisphere 

ipsilateral to the injury. Figure 3 shows the CSTs in an infant with subsequent normal 

motor function (3a) and in an infant who developed a hemiplegia (3b and c).

Healthy control infants: In the 23 control infants, DTI was obtained in 15 non-

collinear directions in 8 infants and in 32 non-collinear directions in 15. There were 

no significant differences in volume (p=.23), FA (p=.32), ADC (p=.83), AD (p=.73) or 
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RD (p=.91) between left and right CSTs in the controls. The values for volume, FA, 

ADC, AD, and RD for the CSTs in all infants are shown in Table S2. The AIs of the 

tract parameters from the infants with lesions and the controls are shown in Figure 

S1.

Motor Outcome (Case Infants Only)

The median age at follow-up was 22.5 (range 12-48) months. Six infants developed 

a hemiplegia contralateral to the lesion, 5 developed a mild motor asymmetry and 9 

had no evidence of asymmetry in motor function.

Correlation between Conventional MRI Findings and Motor Performance

Conventional MRI findings predicted normal motor outcome in all 9 infants who had 

no evidence of motor asymmetry and predicted a hemiplegia in all 6 infants who 

developed a hemiplegia. In the 5 infants with a mild motor asymmetry, conventional 

MRI was predictive of a hemiplegia in 2 and of normal motor development in 3 

infants.

Combining the results for infants who developed a hemiplegia or asymmetry, 

conventional MRI predicted an abnormal motor outcome in 8/11 children. The 

sensitivity of conventional MRI to predict an abnormal motor outcome was 73% 

and the specificity for prediction of a normal motor outcome was 100%.

Correlation of Tractography Findings and Motor Performance

Tract volume, FA, ADC, AD and RD were within the normal range for AI in all children 

who had no evidence of motor asymmetry. 

The 3 infants in whom tractography was unsuccessful due to extensive brain injury 

developed a hemiplegia. In the remaining 3 infants who developed a hemiplegia, the 

AI was outside the normal range for FA, volume and RD in all 3 and for ADC in 2.

In the 5 infants who developed a mild motor asymmetry, the AI was outside the 

normal range for at least one diffusion measure in 4 infants (reduced volume in 2, 

reduced FA value in 1 and increased RD in 3).

Combining the results for the infants who developed a hemiplegia or asymmetry, an 

AI outside the normal range in ≥1 DTI measurement predicted an abnormal motor 
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outcome in 10/11 children. The sensitivity to predict an abnormal motor outcome 

was 91% and the specificity for prediction of a normal motor outcome was 100%.

Results of Between Groups Differences Analyses of AIs

One way ANOVA demonstrated a significant difference in AI between the 4 

groups (controls and cases who were divided into 3 groups based on their motor 

performance) in tract volume (p=.05), FA (p<.0001), ADC (p=.015) and RD (p<.0001). 

There was no significant between groups difference in AD (p=.95).

Results of Post-Hoc Analyses

Table 3 shows the results of the post-hoc analyses comparing AIs for tract volume, 

FA, ADC and RD between healthy controls and the case infants.
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TABLE 1 Conventional MRI and DTI findings and motor outcome (1/3)

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

1 4 41+1 Lt MCA infarct in parietal lobe. Small areas of abnormal SI in 
the Lt lentiform and thalamus. The PLICs were symmetrical 
on conventional MRI and no abnormality seen in the PLIC or 
cerebral peduncle on DTI.

No asymmetry No 48 Mild asymmetry Lt hand 
preference but good independent 
finger movements bilaterally

2 20 42+2 Venous infarction. Abnormal SI in anterior WM (Lt>Rt). 
Abnormal SI in the Lt lentiform and thalamus. The PLICs were 
symmetrical on conventional MRI and no abnormality seen in 
the PLIC or cerebral peduncle on DTI.

No asymmetry No 24 No asymmetry

3 83 40+5 Lt MCA infarct in parietal and temporal lobes. Ventricular 
dilatation (Lt>Rt). Abnormal SI in the Lt lentiform and PLIC with 
atrophy of the Lt thalamus, brainstem and mesencephalon. 
Abnormal high SI Lt PLIC on the ADC map.

Rt hemiplegia Volume, FA, 
ADC and RD

36 Rt hemiplegia

4 16 40+1 Lt MCA infarct in frontal, parietal and temporal lobes. Abnormal 
SI in Lt lentiform, and cystic lesion in Lt caudate head. 
Thalamus, mesencephalon and brainstem were smaller on the 
Lt. Abnormal SI in Lt PLIC. Punctate white matter lesions on the 
Rt and Rt ventricular dilatation consistent with previous PHI, 
although the PLIC appeared normal on the Rt. Abnormal high 
SI in the Lt PLIC on the ADC map.

Rt hemiplegia Volume, FA 
and RD

36 Rt hemiplegia

5 5 42+5 Lt MCA infarct in parietal lobe. BG and PLIC were symmetrical. 
Small foci of abnormal SI in Lt thalamus and Lt ventricle 
minimally dilated. No abnormality seen in the PLIC or cerebral 
peduncle on DTI.

No asymmetry No 24 No asymmetry

6 8 42 Lt MCA infarct in frontal parietal and temporal lobes. Abnormal 
SI in the Lt BG and thalamus. Abnormal SI in Lt PLIC and 
mesencephalon on conventional imaging and DTI.

Rt hemiplegia Tractography 
not possible on 
affected side

24 Rt hemiplegia

7 34 44+5 Lt MCA infarct in posterior parietal and temporal lobes. 
Abnormal SI in Lt lentiform nucleus, asymmetrical PLIC and 
moderate Lt ventricular dilatation. Abnormal high SI in the Lt 
PLIC on the ADC map.

Rt hemiplegia Volume, FA, 
ADC and RD

15 Rt hemiplegia

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

1 4 41+1 Lt MCA infarct in parietal lobe. Small areas of abnormal SI in 
the Lt lentiform and thalamus. The PLICs were symmetrical 
on conventional MRI and no abnormality seen in the PLIC or 
cerebral peduncle on DTI.

No asymmetry No 48 Mild asymmetry Lt hand 
preference but good independent 
finger movements bilaterally

2 20 42+3 Venous infarction. Abnormal SI in anterior WM (Lt>Rt). 
Abnormal SI in the Lt lentiform and thalamus. The PLICs were 
symmetrical on conventional MRI and no abnormality seen in 
the PLIC or cerebral peduncle on DTI.

No asymmetry No 24 No asymmetry

3 83 40+5 Lt MCA infarct in parietal and temporal lobes. Ventricular 
dilatation (Lt>Rt). Abnormal SI in the Lt lentiform and PLIC with 
atrophy of the Lt thalamus, brainstem and mesencephalon. 
Abnormal high SI Lt PLIC on the ADC map.

Rt hemiplegia Volume, FA, 
ADC and RD

36 Rt hemiplegia

4 16 40+1 Lt MCA infarct in frontal, parietal and temporal lobes. Abnormal 
SI in Lt lentiform, and cystic lesion in Lt caudate head. 
Thalamus, mesencephalon and brainstem were smaller on the 
Lt. Abnormal SI in Lt PLIC. Punctate white matter lesions on the 
Rt and Rt ventricular dilatation consistent with previous PHI, 
although the PLIC appeared normal on the Rt. Abnormal high 
SI in the Lt PLIC on the ADC map.

Rt hemiplegia Volume, FA 
and RD

36 Rt hemiplegia

5 5 42+5 Lt MCA infarct in parietal lobe. BG and PLIC were symmetrical. 
Small foci of abnormal SI in Lt thalamus and Lt ventricle 
minimally dilated. No abnormality seen in the PLIC or cerebral 
peduncle on DTI.

No asymmetry No 24 No asymmetry

6 8 42 Lt MCA infarct in frontal parietal and temporal lobes. Abnormal 
SI in the Lt BG and thalamus. Abnormal SI in Lt PLIC and 
mesencephalon on conventional imaging and DTI.

Rt hemiplegia Tractography 
not possible on 
affected side

24 Rt hemiplegia

7 34 44+5 Lt MCA infarct in posterior parietal and temporal lobes. 
Abnormal SI in Lt lentiform nucleus, asymmetrical PLIC and 
moderate Lt ventricular dilatation. Abnormal high SI in the Lt 
PLIC on the ADC map.

Rt hemiplegia Volume, FA, 
ADC and RD

15 Rt hemiplegia
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Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

1 4 41+1 Lt MCA infarct in parietal lobe. Small areas of abnormal SI in 
the Lt lentiform and thalamus. The PLICs were symmetrical 
on conventional MRI and no abnormality seen in the PLIC or 
cerebral peduncle on DTI.

No asymmetry No 48 Mild asymmetry Lt hand 
preference but good independent 
finger movements bilaterally

2 20 42+2 Venous infarction. Abnormal SI in anterior WM (Lt>Rt). 
Abnormal SI in the Lt lentiform and thalamus. The PLICs were 
symmetrical on conventional MRI and no abnormality seen in 
the PLIC or cerebral peduncle on DTI.

No asymmetry No 24 No asymmetry

3 83 40+5 Lt MCA infarct in parietal and temporal lobes. Ventricular 
dilatation (Lt>Rt). Abnormal SI in the Lt lentiform and PLIC with 
atrophy of the Lt thalamus, brainstem and mesencephalon. 
Abnormal high SI Lt PLIC on the ADC map.

Rt hemiplegia Volume, FA, 
ADC and RD

36 Rt hemiplegia

4 16 40+1 Lt MCA infarct in frontal, parietal and temporal lobes. Abnormal 
SI in Lt lentiform, and cystic lesion in Lt caudate head. 
Thalamus, mesencephalon and brainstem were smaller on the 
Lt. Abnormal SI in Lt PLIC. Punctate white matter lesions on the 
Rt and Rt ventricular dilatation consistent with previous PHI, 
although the PLIC appeared normal on the Rt. Abnormal high 
SI in the Lt PLIC on the ADC map.

Rt hemiplegia Volume, FA 
and RD

36 Rt hemiplegia

5 5 42+5 Lt MCA infarct in parietal lobe. BG and PLIC were symmetrical. 
Small foci of abnormal SI in Lt thalamus and Lt ventricle 
minimally dilated. No abnormality seen in the PLIC or cerebral 
peduncle on DTI.

No asymmetry No 24 No asymmetry

6 8 42 Lt MCA infarct in frontal parietal and temporal lobes. Abnormal 
SI in the Lt BG and thalamus. Abnormal SI in Lt PLIC and 
mesencephalon on conventional imaging and DTI.

Rt hemiplegia Tractography 
not possible on 
affected side

24 Rt hemiplegia

7 34 44+5 Lt MCA infarct in posterior parietal and temporal lobes. 
Abnormal SI in Lt lentiform nucleus, asymmetrical PLIC and 
moderate Lt ventricular dilatation. Abnormal high SI in the Lt 
PLIC on the ADC map.

Rt hemiplegia Volume, FA, 
ADC and RD

15 Rt hemiplegia

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

1 4 41+1 Lt MCA infarct in parietal lobe. Small areas of abnormal SI in 
the Lt lentiform and thalamus. The PLICs were symmetrical 
on conventional MRI and no abnormality seen in the PLIC or 
cerebral peduncle on DTI.

No asymmetry No 48 Mild asymmetry Lt hand 
preference but good independent 
finger movements bilaterally

2 20 42+3 Venous infarction. Abnormal SI in anterior WM (Lt>Rt). 
Abnormal SI in the Lt lentiform and thalamus. The PLICs were 
symmetrical on conventional MRI and no abnormality seen in 
the PLIC or cerebral peduncle on DTI.

No asymmetry No 24 No asymmetry

3 83 40+5 Lt MCA infarct in parietal and temporal lobes. Ventricular 
dilatation (Lt>Rt). Abnormal SI in the Lt lentiform and PLIC with 
atrophy of the Lt thalamus, brainstem and mesencephalon. 
Abnormal high SI Lt PLIC on the ADC map.

Rt hemiplegia Volume, FA, 
ADC and RD

36 Rt hemiplegia

4 16 40+1 Lt MCA infarct in frontal, parietal and temporal lobes. Abnormal 
SI in Lt lentiform, and cystic lesion in Lt caudate head. 
Thalamus, mesencephalon and brainstem were smaller on the 
Lt. Abnormal SI in Lt PLIC. Punctate white matter lesions on the 
Rt and Rt ventricular dilatation consistent with previous PHI, 
although the PLIC appeared normal on the Rt. Abnormal high 
SI in the Lt PLIC on the ADC map.

Rt hemiplegia Volume, FA 
and RD

36 Rt hemiplegia

5 5 42+5 Lt MCA infarct in parietal lobe. BG and PLIC were symmetrical. 
Small foci of abnormal SI in Lt thalamus and Lt ventricle 
minimally dilated. No abnormality seen in the PLIC or cerebral 
peduncle on DTI.

No asymmetry No 24 No asymmetry

6 8 42 Lt MCA infarct in frontal parietal and temporal lobes. Abnormal 
SI in the Lt BG and thalamus. Abnormal SI in Lt PLIC and 
mesencephalon on conventional imaging and DTI.

Rt hemiplegia Tractography 
not possible on 
affected side

24 Rt hemiplegia

7 34 44+5 Lt MCA infarct in posterior parietal and temporal lobes. 
Abnormal SI in Lt lentiform nucleus, asymmetrical PLIC and 
moderate Lt ventricular dilatation. Abnormal high SI in the Lt 
PLIC on the ADC map.

Rt hemiplegia Volume, FA, 
ADC and RD

15 Rt hemiplegia
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TABLE 1 Conventional MRI and DTI findings and motor outcome (2/3)

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

8 4 40+6 Rt MCA (posterior branch) infarct in superior parietal lobe. BG 
and PLIC were symmetrical. No abnormality seen in the PLIC or  
cerebral peduncle on DTI.

No asymmetry No 13 No asymmetry

9 4 39 Lt MCA infarct in superior parietal and temporal lobes. 
Symmetrical BG and PLIC. Small region of abnormal SI in Lt 
lentiform nucleus. No abnormality seen in the PLIC or cerebral 
peduncle on DTI.

No asymmetry RD 15 Mild asymmetry Preference for 
Lt hand. Good independent 
finger movements bilaterally but 
pincer grip better on Lt.

10 22 44+4 Infarction in frontal lobes bilaterally, and Lt occipital and 
Lt temporal lobes. BG and PLIC were symmetrical. No 
abnormality seen in the PLIC or cerebral peduncle on DTI.

No asymmetry No 12 No asymmetry

11 10 43+2 Lt hemorrhagic infarction in frontal, parietal and occipital lobes. 
Abnormal SI in Lt thalamus and hemorrhage in Lt lentiform and 
PLIC. Abnormal high SI in Lt PLIC on ADC map.

Rt hemiplegia FA and RD 16 Good independent finger move-
ments bilaterally but pincer grip 
better on Lt. Mild asymmetry in 
tone and increased flexibility Lt leg

12 3 40+3 Lt MCA infarct in frontal, parietal, occipital and temporal 
lobes. Areas of abnormal SI in Lt BG, thalamus and PLIC on 
conventional MRI. Abnormal SI in the L PLIC and cerebral 
peduncle on DTI.

Rt hemiplegia Tractography 
not possible 
on affected 
side

15 Rt hemiplegia

13 32 45+5 Lt MCA infarct in frontoparietal lobe and Lt medial occipital 
region (either in the territory of the Lt posterior cerebral artery of 
water-shed area of the MCA). PLIC, BG and thalami appeared 
normal and symmetrical. No abnormality seen in the PLIC or 
cerebral peduncle on DTI.

No asymmetry No 13 No asymmetry

14 70 40 Lt MCA infarct affecting posterior parietal lobe. PLIC, BG and 
thalami appeared normal and symmetrical. No abnormality 
seen in the PLIC or cerebral peduncle on DTI.

No asymmetry No 24 No asymmetry

15 97 40+3 Lt HPI. Mild asymmetrical ventricular dilatation (Lt>Rt) and 
porencephalic cyst on Lt. Minimal atrophy of Lt thalamus. PLIC 
and mesencephalon appeared normal and symmetrical. No 
abnormality seen in the PLIC or cerebral peduncle on DTI.

No asymmetry No 25 No asymmetry

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

8 4 40+6 Rt MCA (posterior branch) infarct in superior parietal lobe. BG 
and PLIC were symmetrical. No abnormality seen in the PLIC or  
cerebral peduncle  on DTI.

No asymmetry No 13 No asymmetry

9 4 39 Lt MCA infarct in superior parietal and temporal lobes. 
Symmetrical BG and PLIC. Small region of abnormal SI in Lt 
lentiform nucleus. No abnormality seen in the PLIC or  cerebral 
peduncle on DTI.

No asymmetry RD 15 Mild asymmetry Preference for 
Lt hand. Good independent 
finger movements bilaterally but 
pincer grip better on Lt.

10 22 44+4 Infarction in frontal lobes bilaterally, and Lt occipital and 
Lt temporal lobes. BG and PLIC were symmetrical. No 
abnormality seen in the PLIC or  cerebral peduncle  on DTI.

No asymmetry No 12 No asymmetry

11 10 43+2 Lt hemorrhagic infarction in frontal, parietal and occipital lobes. 
Abnormal SI in Lt thalamus and hemorrhage in Lt lentiform and 
PLIC. Abnormal high SI in Lt PLIC on ADC map.

Rt hemiplegia FA and RD 16 Good independent finger move-
ments bilaterally but pincer grip 
better on Lt. Mild asymmetry in 
tone and increased flexibility Lt leg

12 3 40+3 Lt MCA infarct in frontal, parietal, occipital and temporal 
lobes. Areas of abnormal SI in Lt BG, thalamus and PLIC on 
conventional MRI. Abnormal SI in the L PLIC and  cerebral 
peduncle on DTI.

Rt hemiplegia Tractography 
not possible 
on affected 
side

15 Rt hemiplegia

13 32 45+5 Lt MCA infarct in frontoparietal lobe and Lt medial occipital 
region (either in the territory of the Lt posterior cerebral artery of 
water-shed area of the MCA). PLIC, BG and thalami appeared 
normal and symmetrical. No abnormality seen in the PLIC or  
cerebral peduncle on DTI.

No asymmetry No 13 No asymmetry

14 70 40 Lt MCA infarct affecting posterior parietal lobe. PLIC, BG and 
thalami appeared normal and symmetrical. No abnormality 
seen in the PLIC or  cerebral peduncle on DTI.

No asymmetry No 24 No asymmetry

15 97 40+3 Lt HPI. Mild asymmetrical ventricular dilatation (Lt>Rt) and 
porencephalic cyst on Lt. Minimal atrophy of Lt thalamus. PLIC 
and mesencephalon appeared normal and symmetrical. No 
abnormality seen in the PLIC or  cerebral peduncle on DTI.

No asymmetry No 25 No asymmetry
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Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

8 4 40+6 Rt MCA (posterior branch) infarct in superior parietal lobe. BG 
and PLIC were symmetrical. No abnormality seen in the PLIC or  
cerebral peduncle on DTI.

No asymmetry No 13 No asymmetry

9 4 39 Lt MCA infarct in superior parietal and temporal lobes. 
Symmetrical BG and PLIC. Small region of abnormal SI in Lt 
lentiform nucleus. No abnormality seen in the PLIC or cerebral 
peduncle on DTI.

No asymmetry RD 15 Mild asymmetry Preference for 
Lt hand. Good independent 
finger movements bilaterally but 
pincer grip better on Lt.

10 22 44+4 Infarction in frontal lobes bilaterally, and Lt occipital and 
Lt temporal lobes. BG and PLIC were symmetrical. No 
abnormality seen in the PLIC or cerebral peduncle on DTI.

No asymmetry No 12 No asymmetry

11 10 43+2 Lt hemorrhagic infarction in frontal, parietal and occipital lobes. 
Abnormal SI in Lt thalamus and hemorrhage in Lt lentiform and 
PLIC. Abnormal high SI in Lt PLIC on ADC map.

Rt hemiplegia FA and RD 16 Good independent finger move-
ments bilaterally but pincer grip 
better on Lt. Mild asymmetry in 
tone and increased flexibility Lt leg

12 3 40+3 Lt MCA infarct in frontal, parietal, occipital and temporal 
lobes. Areas of abnormal SI in Lt BG, thalamus and PLIC on 
conventional MRI. Abnormal SI in the L PLIC and cerebral 
peduncle on DTI.

Rt hemiplegia Tractography 
not possible 
on affected 
side

15 Rt hemiplegia

13 32 45+5 Lt MCA infarct in frontoparietal lobe and Lt medial occipital 
region (either in the territory of the Lt posterior cerebral artery of 
water-shed area of the MCA). PLIC, BG and thalami appeared 
normal and symmetrical. No abnormality seen in the PLIC or 
cerebral peduncle on DTI.

No asymmetry No 13 No asymmetry

14 70 40 Lt MCA infarct affecting posterior parietal lobe. PLIC, BG and 
thalami appeared normal and symmetrical. No abnormality 
seen in the PLIC or cerebral peduncle on DTI.

No asymmetry No 24 No asymmetry

15 97 40+3 Lt HPI. Mild asymmetrical ventricular dilatation (Lt>Rt) and 
porencephalic cyst on Lt. Minimal atrophy of Lt thalamus. PLIC 
and mesencephalon appeared normal and symmetrical. No 
abnormality seen in the PLIC or cerebral peduncle on DTI.

No asymmetry No 25 No asymmetry

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

8 4 40+6 Rt MCA (posterior branch) infarct in superior parietal lobe. BG 
and PLIC were symmetrical. No abnormality seen in the PLIC or  
cerebral peduncle  on DTI.

No asymmetry No 13 No asymmetry

9 4 39 Lt MCA infarct in superior parietal and temporal lobes. 
Symmetrical BG and PLIC. Small region of abnormal SI in Lt 
lentiform nucleus. No abnormality seen in the PLIC or  cerebral 
peduncle on DTI.

No asymmetry RD 15 Mild asymmetry Preference for 
Lt hand. Good independent 
finger movements bilaterally but 
pincer grip better on Lt.

10 22 44+4 Infarction in frontal lobes bilaterally, and Lt occipital and 
Lt temporal lobes. BG and PLIC were symmetrical. No 
abnormality seen in the PLIC or  cerebral peduncle  on DTI.

No asymmetry No 12 No asymmetry

11 10 43+2 Lt hemorrhagic infarction in frontal, parietal and occipital lobes. 
Abnormal SI in Lt thalamus and hemorrhage in Lt lentiform and 
PLIC. Abnormal high SI in Lt PLIC on ADC map.

Rt hemiplegia FA and RD 16 Good independent finger move-
ments bilaterally but pincer grip 
better on Lt. Mild asymmetry in 
tone and increased flexibility Lt leg

12 3 40+3 Lt MCA infarct in frontal, parietal, occipital and temporal 
lobes. Areas of abnormal SI in Lt BG, thalamus and PLIC on 
conventional MRI. Abnormal SI in the L PLIC and  cerebral 
peduncle on DTI.

Rt hemiplegia Tractography 
not possible 
on affected 
side

15 Rt hemiplegia

13 32 45+5 Lt MCA infarct in frontoparietal lobe and Lt medial occipital 
region (either in the territory of the Lt posterior cerebral artery of 
water-shed area of the MCA). PLIC, BG and thalami appeared 
normal and symmetrical. No abnormality seen in the PLIC or  
cerebral peduncle on DTI.

No asymmetry No 13 No asymmetry

14 70 40 Lt MCA infarct affecting posterior parietal lobe. PLIC, BG and 
thalami appeared normal and symmetrical. No abnormality 
seen in the PLIC or  cerebral peduncle on DTI.

No asymmetry No 24 No asymmetry

15 97 40+3 Lt HPI. Mild asymmetrical ventricular dilatation (Lt>Rt) and 
porencephalic cyst on Lt. Minimal atrophy of Lt thalamus. PLIC 
and mesencephalon appeared normal and symmetrical. No 
abnormality seen in the PLIC or  cerebral peduncle on DTI.

No asymmetry No 25 No asymmetry
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TABLE 1 Conventional MRI and DTI findings and motor outcome (3/3)

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

16 93 39 Rt MCA (posterior branch) infarct in superior parietal lobe. BG 
and PLIC were symmetrical. No abnormality seen in the PLIC or  
cerebral peduncle on DTI.

Lt hemiplegia Volume 24 Slight tightness in Lt ankle. 
Symmetrical upper limb function.

17 30 46+5 Lt MCA infarct in superior parietal and temporal lobes. 
Symmetrical BG and PLIC. Small region of abnormal SI in Lt 
lentiform nucleus. No abnormality seen in the PLIC or cerebral 
peduncle on DTI.

No asymmetry Volume and 
RD

21 Mild asymmetry with increased 
tone and less spontaneous 
movement on Rt. Symmetrical 
hand function.

18 26 44+5 Infarction in frontal lobes bilaterally, and Lt occipital and 
Lt temporal lobes. BG and PLIC were symmetrical. No 
abnormality seen in the PLIC or cerebral peduncle on DTI.

No asymmetry No 21 No asymmetry

19 29 45+2 Lt hemorrhagic infarction in frontal, parietal and occipital lobes. 
Abnormal SI in Lt thalamus and hemorrhage in Lt lentiform and 
PLIC. Abnormal high SI in Lt PLIC on ADC map.

No asymmetry No 18 No asymmetry

20 71 40+2 Lt MCA infarct in frontal, parietal, occipital and temporal 
lobes. Areas of abnormal SI in Lt BG, thalamus and PLIC on 
conventional MRI. Abnormal SI in the L PLIC and cerebral 
peduncle on DTI.

Lt hemiplegia Tractography 
not possible 
on affected 
side

27 Lt hemiplegia

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

16 93 39 Rt HPI. Mild ventricular dilatation with porencephalic cyst on 
the Rt. Abnormal SI in superior portion of Rt PLIC and lentiform 
on MRI and DTI.

Lt hemiplegia Volume 24 Slight tightness in Lt ankle. 
Symmetrical upper limb function.

17 30 46+5 Lt MCA infarct affecting fronto-parietal lobe. Abnormal SI 
in the Lt ALIC. PLIC, BG and thalami appeared normal and 
symmetrical. No abnormality seen in the PLIC or  cerebral 
peduncle on DTI.

No asymmetry Volume and 
RD

21 Mild asymmetry with increased 
tone and less spontaneous 
movement on Rt. Symmetrical 
hand function.

18 26 44+5 Infarct in Rt posterior parietal lobe. PLIC, BG and thalami 
appeared normal and symmetrical. No abnormality seen in the 
PLIC or cerebral peduncle on DTI.

No asymmetry No 21 No asymmetry

19 29 45+2 Lt MCA infarct. Abnormal SI in Lt caudate head and atrophy of 
Lt thalamus. PLIC appeared normal and symmetrical on MRI 
and DTI.

No asymmetry No 18 No asymmetry

20 71 40+2 Large Rt MCA infarct with involvement of the BG, thalamus 
and PLIC. Atrophy of the Rt mesencephalon and brain stem. 
Ventricular dilatation on Rt. Abnormal high SI in R PLIC on ADC 
map.

Lt hemiplegia Tractography 
not possible 
on affected 
side

27 Lt hemiplegia
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Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

16 93 39 Rt MCA (posterior branch) infarct in superior parietal lobe. BG 
and PLIC were symmetrical. No abnormality seen in the PLIC or  
cerebral peduncle on DTI.

Lt hemiplegia Volume 24 Slight tightness in Lt ankle. 
Symmetrical upper limb function.

17 30 46+5 Lt MCA infarct in superior parietal and temporal lobes. 
Symmetrical BG and PLIC. Small region of abnormal SI in Lt 
lentiform nucleus. No abnormality seen in the PLIC or cerebral 
peduncle on DTI.

No asymmetry Volume and 
RD

21 Mild asymmetry with increased 
tone and less spontaneous 
movement on Rt. Symmetrical 
hand function.

18 26 44+5 Infarction in frontal lobes bilaterally, and Lt occipital and 
Lt temporal lobes. BG and PLIC were symmetrical. No 
abnormality seen in the PLIC or cerebral peduncle on DTI.

No asymmetry No 21 No asymmetry

19 29 45+2 Lt hemorrhagic infarction in frontal, parietal and occipital lobes. 
Abnormal SI in Lt thalamus and hemorrhage in Lt lentiform and 
PLIC. Abnormal high SI in Lt PLIC on ADC map.

No asymmetry No 18 No asymmetry

20 71 40+2 Lt MCA infarct in frontal, parietal, occipital and temporal 
lobes. Areas of abnormal SI in Lt BG, thalamus and PLIC on 
conventional MRI. Abnormal SI in the L PLIC and cerebral 
peduncle on DTI.

Lt hemiplegia Tractography 
not possible 
on affected 
side

27 Lt hemiplegia

Case Age at 

scan 

(days)

PMA at 

scan

(weeks)

MRI findings Prediction of motor

performance from 

conventional MRI

AI outside 

control range

Age at

assessment 

(months)

Motor performance

16 93 39 Rt HPI. Mild ventricular dilatation with porencephalic cyst on 
the Rt. Abnormal SI in superior portion of Rt PLIC and lentiform 
on MRI and DTI.

Lt hemiplegia Volume 24 Slight tightness in Lt ankle. 
Symmetrical upper limb function.

17 30 46+5 Lt MCA infarct affecting fronto-parietal lobe. Abnormal SI 
in the Lt ALIC. PLIC, BG and thalami appeared normal and 
symmetrical. No abnormality seen in the PLIC or  cerebral 
peduncle on DTI.

No asymmetry Volume and 
RD

21 Mild asymmetry with increased 
tone and less spontaneous 
movement on Rt. Symmetrical 
hand function.

18 26 44+5 Infarct in Rt posterior parietal lobe. PLIC, BG and thalami 
appeared normal and symmetrical. No abnormality seen in the 
PLIC or cerebral peduncle on DTI.

No asymmetry No 21 No asymmetry

19 29 45+2 Lt MCA infarct. Abnormal SI in Lt caudate head and atrophy of 
Lt thalamus. PLIC appeared normal and symmetrical on MRI 
and DTI.

No asymmetry No 18 No asymmetry

20 71 40+2 Large Rt MCA infarct with involvement of the BG, thalamus 
and PLIC. Atrophy of the Rt mesencephalon and brain stem. 
Ventricular dilatation on Rt. Abnormal high SI in R PLIC on ADC 
map.

Lt hemiplegia Tractography 
not possible 
on affected 
side

27 Lt hemiplegia
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TABLE 2  Summary of MRI and DTI findings and correlation with motor

performance

MRI/ DTI findings    Motor outcome

Conventional MRI suggestive of   OOOOOOOOO λ λ λ

normal motor outcome

Conventional MRI suggestive of hemiplegia XXXXXX λ λ

DTI findings all within normal range for AI OOOOOOOOO λ

At least 1 DTI measure outside normal range XXXXXX λ λ λ λ

Key: O = normal motor outcome, X = hemiplegia, λ= asymmetry

TABLE 3 Post-hoc analyses comparing AIs in cases to controls

 Hemiplegia (n=6) Mild asymmetry (n=5) Normal (n=9)

Volume p<.0001, 95%   p=.079, 95%   p=.592, 95% 

 CI 0.096-0.356  CI -0.004-0.103  CI -0.024-0.062

FA p<.001, 95%   p=.079, 95%   p=.592, 95% 

 CI 0.161-0.295  CI -0.004-0.103  CI 0.0235-0.0623

ADC p=.002, 95%   p=.281, 95%   p=.861, 95% 

 CI 0.0176-0.0789 CI -0.007-0.042  CI -0.014-0.025

RD p<.0001, 95%   p=.001, 95%   p>.99, 95%  

 CI 0.0718-0.124 CI 0.0143-0.0563 CI -0.0158-0.0177

Results of post-hoc analyses comparing AIs for tract volume, FA, ADC and RD in the 3 groups of 
cases (those who developed a hemiplegia, those who developed a mild asymmetry and those who 
had no evidence of asymmetry) to healthy control infants.
Abbreviations:  ADC = apparent diffusion coefficient, CI = confidence interval, FA =fractional 
anisotropy, RD = radial diffusivity
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Functional Development at School Age of Newborn Infants at Risk

TABLE S1 Patient characteristics (1/2)

Case Sex GA BW (g) Birth HC 

(cm)

Antenatal Delivery Cord 

pH

Apgar   

(1’ /5’)

Respiratory support Onset of 

Clinical seizures

1 M 40+4 3506 35.5 Normal antenatal history Em CS for failure to 
progress.

7.34 9/10 - 72 hours

2 F 39+4 2504 35.2 Normal antenatal history SVD not 
known

9/10 - Day 13

3 M 28+6 1370 27.3 Oligohydramnios at 28+3 weeks. IUGR 
(<10th centile)

Em CS for cord 
prolapse, preterm

not 
known

2/4 Ventilated 48 hours, CPAP 
8 days

None

4 F 37+6 1850 31.5 IUGR (<10th centile) Em CS for sub-optimal 
CTG.

7.38 9/9 - Day 1

5 M 42 4000 35.0 Normal antenatal history Forceps following 
failed ventouse, PROM 
Meconium

7.25 4/9 O2 14 hours

6 M 40+6 3500 35.3 Irregular fetal heart rate at 26 weeks GA. 
Normal fetal echo Variable decelerations on 
CTG for 2 hrs before delivery

Em CS following failed 
ventouse for failure to 
progress. PROM 48 hrs

7.3 5/10 O2 19 hours

7 F 39+6 3250 33.4 Normal antenatal history SVD. not 
known

8/9 - 38 hours

8 M 40+2 3300 34.4 Maternal depression Maternal fever in labor 
and decelerations on CTG

Em CS. Therapeutic 
hypothermia for 
suspected HIE

7.1 1/6 O2 5 hours

9 M 38+3 3440 37.2 Maternal diabetes and Vitamin D deficiency Em CS for failure 
to progress. Thick 
meconium

7.2 8/9 O2 23 hours

10 F 41+3 3000 35.4 Normal antenatal history Em CS Thick meconium 7.04 2/5 Ventilated till day 3, CPAP 
till day 17. Nasal prong O2 
till day 21

8 hours

11 M 41+6 3890 35.0 Normal antenatal history Em CS for failure to 
progress

7.1 8/9 - 9 hours

Case Sex GA

(wk)

BW (g) Birth HC 

(cm)

Antenatal Delivery Cord 

pH

Apgar   

(1’ /5’)

Respiratory support Onset of 

Clinical seizures

1 M 40+4 3506 35.5 Normal antenatal history Em CS for failure to 
progress.

7.34 9/10 - 72 hours

2 F 39+4 2504 35.2 Normal antenatal history SVD not 
known

9/10 - Day 13

3 M 28+6 1370 27.3 Oligohydramnios at 28+3 weeks. IUGR 
(<10th centile)

Em CS for cord 
prolapse, preterm

not 
known

2/4 Ventilated 48 hours, CPAP 
8 days

None

4 F 37+6 1850 31.5 IUGR (<10th centile) Em CS for sub-optimal 
CTG.

7.38 9/9 - Day 1

5 M 42 4000 35.0 Normal antenatal history Forceps following 
failed ventouse, PROM 
Meconium

7.25 4/9 O2 14 hours

6 M 40+6 3500 35.3 Irregular fetal heart rate at 26 weeks GA. 
Normal fetal echo Variable decelerations on 
CTG for 2 hrs before delivery

Em CS following failed 
ventouse for failure to 
progress. PROM 48 hrs

7.3 5/10 O2 19 hours

7 F 39+6 3250 33.4 Normal antenatal history SVD. not 
known

8/9 - 38 hours

8 M 40+2 3300 34.4 Maternal depression Maternal fever in labor 
and decelerations on CTG

Em CS. Therapeutic 
hypothermia for 
suspected HIE

7.1 1/6 O2 5 hours

9 M 38+3 3440 37.2 Maternal diabetes and Vitamin D deficiency Em CS for failure 
to progress. Thick 
meconium

7.2 8/9 O2 23 hours

10 F 41+3 3000 35.4 Normal antenatal history Em CS Thick meconium 7.04 2/5 Ventilated till day 3, CPAP 
till day 17. Nasal prong O2 
till day 21

8 hours

11 M 41+6 3890 35.0 Normal antenatal history Em CS for failure to 
progress

7.1 8/9 - 9 hours
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Case Sex GA BW (g) Birth HC 

(cm)

Antenatal Delivery Cord 

pH

Apgar   

(1’ /5’)

Respiratory support Onset of 

Clinical seizures

1 M 40+4 3506 35.5 Normal antenatal history Em CS for failure to 
progress.

7.34 9/10 - 72 hours

2 F 39+4 2504 35.2 Normal antenatal history SVD not 
known

9/10 - Day 13

3 M 28+6 1370 27.3 Oligohydramnios at 28+3 weeks. IUGR 
(<10th centile)

Em CS for cord 
prolapse, preterm

not 
known

2/4 Ventilated 48 hours, CPAP 
8 days

None

4 F 37+6 1850 31.5 IUGR (<10th centile) Em CS for sub-optimal 
CTG.

7.38 9/9 - Day 1

5 M 42 4000 35.0 Normal antenatal history Forceps following 
failed ventouse, PROM 
Meconium

7.25 4/9 O2 14 hours

6 M 40+6 3500 35.3 Irregular fetal heart rate at 26 weeks GA. 
Normal fetal echo Variable decelerations on 
CTG for 2 hrs before delivery

Em CS following failed 
ventouse for failure to 
progress. PROM 48 hrs

7.3 5/10 O2 19 hours

7 F 39+6 3250 33.4 Normal antenatal history SVD. not 
known

8/9 - 38 hours

8 M 40+2 3300 34.4 Maternal depression Maternal fever in labor 
and decelerations on CTG

Em CS. Therapeutic 
hypothermia for 
suspected HIE

7.1 1/6 O2 5 hours

9 M 38+3 3440 37.2 Maternal diabetes and Vitamin D deficiency Em CS for failure 
to progress. Thick 
meconium

7.2 8/9 O2 23 hours

10 F 41+3 3000 35.4 Normal antenatal history Em CS Thick meconium 7.04 2/5 Ventilated till day 3, CPAP 
till day 17. Nasal prong O2 
till day 21

8 hours

11 M 41+6 3890 35.0 Normal antenatal history Em CS for failure to 
progress

7.1 8/9 - 9 hours

Case Sex GA

(wk)

BW (g) Birth HC 

(cm)

Antenatal Delivery Cord 

pH

Apgar   

(1’ /5’)

Respiratory support Onset of 

Clinical seizures

1 M 40+4 3506 35.5 Normal antenatal history Em CS for failure to 
progress.

7.34 9/10 - 72 hours

2 F 39+4 2504 35.2 Normal antenatal history SVD not 
known

9/10 - Day 13

3 M 28+6 1370 27.3 Oligohydramnios at 28+3 weeks. IUGR 
(<10th centile)

Em CS for cord 
prolapse, preterm

not 
known

2/4 Ventilated 48 hours, CPAP 
8 days

None

4 F 37+6 1850 31.5 IUGR (<10th centile) Em CS for sub-optimal 
CTG.

7.38 9/9 - Day 1

5 M 42 4000 35.0 Normal antenatal history Forceps following 
failed ventouse, PROM 
Meconium

7.25 4/9 O2 14 hours

6 M 40+6 3500 35.3 Irregular fetal heart rate at 26 weeks GA. 
Normal fetal echo Variable decelerations on 
CTG for 2 hrs before delivery

Em CS following failed 
ventouse for failure to 
progress. PROM 48 hrs

7.3 5/10 O2 19 hours

7 F 39+6 3250 33.4 Normal antenatal history SVD. not 
known

8/9 - 38 hours

8 M 40+2 3300 34.4 Maternal depression Maternal fever in labor 
and decelerations on CTG

Em CS. Therapeutic 
hypothermia for 
suspected HIE

7.1 1/6 O2 5 hours

9 M 38+3 3440 37.2 Maternal diabetes and Vitamin D deficiency Em CS for failure 
to progress. Thick 
meconium

7.2 8/9 O2 23 hours

10 F 41+3 3000 35.4 Normal antenatal history Em CS Thick meconium 7.04 2/5 Ventilated till day 3, CPAP 
till day 17. Nasal prong O2 
till day 21

8 hours

11 M 41+6 3890 35.0 Normal antenatal history Em CS for failure to 
progress

7.1 8/9 - 9 hours
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TABLE S1 Patient characteristics (2/2)

Case Sex GA BW (g) Birth HC 

(cm)

Antenatal Delivery Cord 

pH

Apgar   

(1’ /5’)

Respiratory support Onset of 

Clinical seizures

12 M 40 3630 35.3 High maternal BMI SVD Cord around neck. 
Floppy at birth, initial 
hypoglycemia

7.17 5/9 O2 Day 1

13 M 41+1 3112 33.3 Maternal gestational diabetes Decreased 
fetal movements 24 hours prior to delivery

Em CS for fetal 
bradycardia  
Thick meconium

7.2 8/9 O2 13 hours

14 M 30 1315 28 IVF pregnancy “Elective” CS for high 
risk pregnancy

not 
known

9/10 n-CPAP for 6 hours None

15 F 26+5 930 23.7 IVF pregnancy. Prolonged rupture of 
membranes (19 weeks GA)

Emergency CS 7.2 8/9 Ventilated for 5 hours. 
N-CPAP till day 18. Nasal 
prong O2 till day 41

None

16 F 25+5 850 23.5 Normal antenatal history.  Presented with 
24-36 hours of abdominal pain at 25+5 with 
blood PV. No rupture of membranes until 
two minutes prior to delivery.

Spontaneous vaginal 
delivery

not 
known

6/9 Ventilated till day 4. CPAP 
till day 58. Nasal prong O2 
till day 73

None

17 M 42+5 4330 36.7 Normal antenatal history Vaginal ventouse- 
transient fetal 
bradycardia

7.23 9/9 - 24 hours

18 M 41 3.34 33.5 Normal antenatal history Spontaneous vaginal 
delivery Thick 
meconium

7.15 6/9 5 inflation breaths at 
delivery

12 hours

19 M 41+1 3840 35.7 Normal antenatal history Em CS for fetal 
bradycardia.
Thick meconium.

not 
known

7/9 - 12 hours

20 F 29+1 1380 26.5 Normal antenatal history Emergency CS for fetal 
bradycardia

not 
known

8/9 Ventilated for 1 day, CPAP 
for 10 day and nasal prong 
O2 for 6 days

None

Case Sex GA BW (g) Birth HC 

(cm)

Antenatal Delivery Cord 

pH

Apgar   

(1’ /5’)

Respiratory support Onset of 

Clinical seizures

12 M 40 3630 35.3 High maternal BMI SVD Cord around neck. 
Floppy at birth, initial 
hypoglycemia

7.17 5/9 O2 Day 1

13 M 41+1 3112 33.3 Maternal gestational diabetes Decreased 
fetal movements 24 hours prior to delivery

Em CS for fetal 
bradycardia  
Thick meconium

7.2 8/9 O2 13 hours

14 M 30 1315 28 IVF pregnancy “Elective” CS for high 
risk pregnancy

not 
known

9/10 n-CPAP for 6 hours None

15 F 26+5 930 23.7 IVF pregnancy. Prolonged rupture of 
membranes (19 weeks GA)

Emergency CS 7.2 8/9 Ventilated for 5 hours. 
N-CPAP till day 18. Nasal 
prong O2 till day 41

None

16 F 25+5 850 23.5 Normal antenatal history.  Presented with 
24-36 hours of abdominal pain at 25+5 with 
blood PV. No rupture of membranes until 
two minutes prior to delivery.

Spontaneous vaginal 
delivery

not 
known

6/9 Ventilated till day 4. CPAP 
till day 58. Nasal prong O2 
till day 73

None

17 M 42+5 4330 36.7 Normal antenatal history Vaginal ventouse- 
transient fetal 
bradycardia

7.23 9/9 - 24 hours

18 M 41 3.34 33.5 Normal antenatal history Spontaneous vaginal 
delivery Thick 
meconium

7.15 6/9 5 inflation breaths at 
delivery

12 hours

19 M 41+1 3840 35.7 Normal antenatal history Em CS for fetal 
bradycardia.
Thick meconium.

not 
known

7/9 - 12 hours

20 F 29+1 1380 26.5 Normal antenatal history Emergency CS for fetal 
bradycardia

not 
known

8/9 Ventilated for 1 day, CPAP 
for 10 day and nasal prong 
O2 for 6 days

None
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Case Sex GA BW (g) Birth HC 

(cm)

Antenatal Delivery Cord 

pH

Apgar   

(1’ /5’)

Respiratory support Onset of 

Clinical seizures

12 M 40 3630 35.3 High maternal BMI SVD Cord around neck. 
Floppy at birth, initial 
hypoglycemia

7.17 5/9 O2 Day 1

13 M 41+1 3112 33.3 Maternal gestational diabetes Decreased 
fetal movements 24 hours prior to delivery

Em CS for fetal 
bradycardia  
Thick meconium

7.2 8/9 O2 13 hours

14 M 30 1315 28 IVF pregnancy “Elective” CS for high 
risk pregnancy

not 
known

9/10 n-CPAP for 6 hours None

15 F 26+5 930 23.7 IVF pregnancy. Prolonged rupture of 
membranes (19 weeks GA)

Emergency CS 7.2 8/9 Ventilated for 5 hours. 
N-CPAP till day 18. Nasal 
prong O2 till day 41

None

16 F 25+5 850 23.5 Normal antenatal history.  Presented with 
24-36 hours of abdominal pain at 25+5 with 
blood PV. No rupture of membranes until 
two minutes prior to delivery.

Spontaneous vaginal 
delivery

not 
known

6/9 Ventilated till day 4. CPAP 
till day 58. Nasal prong O2 
till day 73

None

17 M 42+5 4330 36.7 Normal antenatal history Vaginal ventouse- 
transient fetal 
bradycardia

7.23 9/9 - 24 hours

18 M 41 3.34 33.5 Normal antenatal history Spontaneous vaginal 
delivery Thick 
meconium

7.15 6/9 5 inflation breaths at 
delivery

12 hours

19 M 41+1 3840 35.7 Normal antenatal history Em CS for fetal 
bradycardia.
Thick meconium.

not 
known

7/9 - 12 hours

20 F 29+1 1380 26.5 Normal antenatal history Emergency CS for fetal 
bradycardia

not 
known

8/9 Ventilated for 1 day, CPAP 
for 10 day and nasal prong 
O2 for 6 days

None

Abbreviations:  EmCS = emergency cesarean section, SVD = spontaneous vaginal delivery, PROM 
= prolonged rupture of membranes, IUGR = intra-uterine growth restriction, HIE = hypoxic-ischemic 
encephalopathy, GA = gestational age, M = male, F = female, BMI = body mass index

Case Sex GA BW (g) Birth HC 

(cm)

Antenatal Delivery Cord 

pH

Apgar   

(1’ /5’)

Respiratory support Onset of 

Clinical seizures

12 M 40 3630 35.3 High maternal BMI SVD Cord around neck. 
Floppy at birth, initial 
hypoglycemia

7.17 5/9 O2 Day 1

13 M 41+1 3112 33.3 Maternal gestational diabetes Decreased 
fetal movements 24 hours prior to delivery

Em CS for fetal 
bradycardia  
Thick meconium

7.2 8/9 O2 13 hours

14 M 30 1315 28 IVF pregnancy “Elective” CS for high 
risk pregnancy

not 
known

9/10 n-CPAP for 6 hours None

15 F 26+5 930 23.7 IVF pregnancy. Prolonged rupture of 
membranes (19 weeks GA)

Emergency CS 7.2 8/9 Ventilated for 5 hours. 
N-CPAP till day 18. Nasal 
prong O2 till day 41

None

16 F 25+5 850 23.5 Normal antenatal history.  Presented with 
24-36 hours of abdominal pain at 25+5 with 
blood PV. No rupture of membranes until 
two minutes prior to delivery.

Spontaneous vaginal 
delivery

not 
known

6/9 Ventilated till day 4. CPAP 
till day 58. Nasal prong O2 
till day 73

None

17 M 42+5 4330 36.7 Normal antenatal history Vaginal ventouse- 
transient fetal 
bradycardia

7.23 9/9 - 24 hours

18 M 41 3.34 33.5 Normal antenatal history Spontaneous vaginal 
delivery Thick 
meconium

7.15 6/9 5 inflation breaths at 
delivery

12 hours

19 M 41+1 3840 35.7 Normal antenatal history Em CS for fetal 
bradycardia.
Thick meconium.

not 
known

7/9 - 12 hours

20 F 29+1 1380 26.5 Normal antenatal history Emergency CS for fetal 
bradycardia

not 
known

8/9 Ventilated for 1 day, CPAP 
for 10 day and nasal prong 
O2 for 6 days

None
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TABLE S2  Diffusion characteristics of the corticospinal tracts in infants

with lesions and controls 

Case1 No of 

directions

FA Volume3 Axial diffusivity4 ADC value Radial diffusivity4

Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral

1 15 0.28 ± 0.09 0.30 ± 0.12 2517 2505 1.54 ± 0.32 1.62 ± 0.26 1.12 ± 0.25 1.22 ± 0.20 1.01 ± 0.20 1.02 ± 0.20

2 15 0.25 ± 0.13 0.27 ± 0.13 3687 3491 1.66 ± 0.30 1.69 ± 0.28 1.31 ± 0.27 1.32 ± 0.27 1.14 ± 0.30 1.13 ± 0.30

3 15 0.18 ± 0.08 0.26 ± 0.11 2995 4128 1.56 ± 0.44 1.55 ± 0.26 1.32 ± 0.39 1.21 ± 0.20 1.20± 0.40 1.04 ± 0.20

4 15 0.19 ± 0.09 0.22 ± 0.11 2137 3467 1.66 ± 0.29 1.64 ± 0.30 1.38 ± 0.28 1.33 ± 0.24 1.25 ± 0.30 1.17 ± 0.30

5 15 0.25 ± 0.11 0.25 ± 0.11 4140 3687 1.49 ± 0.15 1.55 ± 0.15 1.19 ± 0.26 1.21 ± 0.25 1.03 ± 0.30 1.04 ± 0.30

6 15 # 0.24 ± 0.12 # 3620 # 1.56 ± 0.24 # 1.24 ± 0.18 # 1.08 ± 0.20

7 32 0.20 ± 0.09 0.27 ± 0.13 3950 4969 1.50 ± 0.39 1.49 ± 0.35 1.25 ± 0.38 1.16 ± 0.33 1.13 ± 0.40 1.00 ± 0.30

8 32 0.25 ± 0.11 0.26 ± 0.11 3197 4104 1.56 ± 0.27 1.51 ± 0.26 1.21 ± 0.21 1.19 ± 0.21 1.04 ± 0.20 1.03 ± 0.20

9 32 0.23 ± 0.09 0.22 ± 0.10 3871 4435 1.37 ± 0.22 1.48 ± 0.23 1.10 ± 0.18 1.20 ± 0.21 0.97 ± 0.20 1.07 ± 0.20

10 32 0.26 ± 0.12 0.27 ± 0.11 6623 6347 1.43 ± 0.26 1.41 ± 0.28 1.13 ± 0.23 1.10 ± 0.23 0.97 ± 0.30 0.95 ± 0.20

11 32 0.20 ± 0.09 0.25 ± 0.13 3975 3993 1.46 ± 0.28 1.49 ± 0.34 1.20 ± 0.25 1.18 ± 0.32 1.07 ± 0.30 1.02 ± 0.30

12 32 # 0.23 ± 0.11 # 4275 # 1.60 ± 0.43 # 1.30 ± 0.29 # 1.14 ± 0.30

13 32 0.24 ± 0.09 0.26 ± 0.09 3078 3583 1.34 ± 0.22 1.34 ± 0.20  1.06 ± 0.18 1.05 ± 0.18 0.92 ± 0.20 0.91 ± 0.20

14 32 0.24± 0.09 0.26± 0.10 3706 3785 1.11 ± 0.19 1.07± 0.23 0.90 ± 0.19 0.88 ± 0.20 0.80 ± 0.23 0.79 ± 0.20

15 15 0.23 ± 0.11 0.26± 0.11 2064 2269 1.69 ± 0.23 1.60 ± 0.23 1.32 ± 0.25 1.29 ± 0.23 1.14 ± 0.30 1.13 ± 0.30

16 15 0.24 ± 0.11 0.25 ± 0.13 2542 3099 1.63 ± 0.33 1.59 ± 0.22 1.30 ± 0.32 1.27 ± 0.23 1.13 ± 0.34 1.11 ± 0.26

17 15 0.31 ± 0.12 0.33 ± 0.13 4716 5886 1.50 ± 0.19 1.58 ± 0.24 1.15 ± 0.12 1.12 ± 0.16 0.98 ± 0.25 0.93 ± 0.20

18 32 0.29 ± 0.13 0.29 ± 0.11 7235 7832 1.59 ± 0.33 1.46 ± 0.25 1.17 ± 0.24 1.10 ± 0.19 0.96 ± 0.38 0.93 ± 0.20

19 32 0.28 ± 0.11 0.29 ± 0.11 4235 5152 1.45 ± 0.22 1.46 ± 0.22 1.10 ± 0.17 1.12 ± 0.20 0.95 ± 0.20 0.93 ± 0.21

20 32 # 0.24 ± 0.11 # 4777 # 1.64 ± 0.24 # 1.31 ± 0.23 # 1.14 ±0.27

Left Right Left Right Left Right Left Right Left Right

Controls2 (n=8) 15 0.25 ± 0.02 0.25 ± 0.02 3589 ± 462 3433 ± 436 1.23 ± 0.14 1.25 ± 0.14 0.97 ± 0.10 0.99 ± 0.10 0.84 ± 0.09 0.85 ± 0.09

Controls2 (n=15) 32 0.26 ± 0.02 0.26 ± 0.02 4398 ± 518 4097 ± 613 1.49 ± 0.08 1.50 ± 0.07 1.17 ± 0.07 1.17 ± 0.06 1.01 ± 0.07 1.01 ± 0.07

Case1 No of 

directions

FA Volume3 Axial diffusivity4 ADC value Radial diffusivity4

Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral

1 15 0.28 ± 0.09 0.30 ± 0.12 2517 2505 1.54 ± 0.32 1.62 ± 0.26 1.12 ± 0.25 1.22 ± 0.20 1.01 ± 0.20 1.02 ± 0.20

2 15 0.25 ± 0.13 0.27 ± 0.13 3687 3491 1.66 ± 0.30 1.69 ± 0.28 1.31 ± 0.27 1.32 ± 0.27 1.14 ± 0.30 1.13 ± 0.30

3 15 0.18 ± 0.08 0.26 ± 0.11 2995 4128 1.56 ± 0.44 1.55 ± 0.26 1.32 ± 0.39 1.21 ± 0.20 1.20± 0.40 1.04 ± 0.20

4 15 0.19 ± 0.09 0.22 ± 0.11 2137 3467 1.66 ± 0.29 1.64 ± 0.30 1.38 ± 0.28 1.33 ± 0.24 1.25 ± 0.30 1.17 ± 0.30

5 15 0.25 ± 0.11 0.25 ± 0.11 4140 3687 1.49 ± 0.15 1.55 ± 0.15 1.19 ± 0.26 1.21 ± 0.25 1.03 ± 0.30 1.04 ± 0.30

6 15 # 0.24 ± 0.12 # 3620 # 1.56 ± 0.24 # 1.24 ± 0.18 # 1.08 ± 0.20

7 32 0.20 ± 0.09 0.27 ± 0.13 3950 4969 1.50 ± 0.39 1.49 ± 0.35 1.25 ± 0.38 1.16 ± 0.33 1.13 ± 0.40 1.00 ± 0.30

8 32 0.25 ± 0.11 0.26 ± 0.11 3197 4104 1.56 ± 0.27 1.51 ± 0.26 1.21 ± 0.21 1.19 ± 0.21 1.04 ± 0.20 1.03 ± 0.20

9 32 0.23 ± 0.09 0.22 ± 0.10 3871 4435 1.37 ± 0.22 1.48 ± 0.23 1.10 ± 0.18 1.20 ± 0.21 0.97 ± 0.20 1.07 ± 0.20

10 32 0.26 ± 0.12 0.27 ± 0.11 6623 6347 1.43 ± 0.26 1.41 ± 0.28 1.13 ± 0.23 1.10 ± 0.23 0.97 ± 0.30 0.95 ± 0.20

11 32 0.20 ± 0.09 0.25 ± 0.13 3975 3993 1.46 ± 0.28 1.49 ± 0.34 1.20 ± 0.25 1.18 ± 0.32 1.07 ± 0.30 1.02 ± 0.30

12 32 # 0.23 ± 0.11 # 4275 # 1.60 ± 0.43 # 1.30 ± 0.29 # 1.14 ± 0.30

13 32 0.24 ± 0.09 0.26 ± 0.09 3078 3583 1.34 ± 0.22 1.34 ± 0.20  1.06 ± 0.18 1.05 ± 0.18 0.92 ± 0.20 0.91 ± 0.20

14 32 0.24± 0.09 0.26± 0.10 3706 3785 1.11 ± 0.19 1.07± 0.23 0.90 ± 0.19 0.88 ± 0.20 0.80 ± 0.23 0.79 ± 0.20

15 15 0.23 ± 0.11 0.26± 0.11 2064 2269 1.69 ± 0.23 1.60 ± 0.23 1.32 ± 0.25 1.29 ± 0.23 1.14 ± 0.30 1.13 ± 0.30

16 15 0.24 ± 0.11 0.25 ± 0.13 2542 3099 1.63 ± 0.33 1.59 ± 0.22 1.30 ± 0.32 1.27 ± 0.23 1.13 ± 0.34 1.11 ± 0.26

17 15 0.31 ± 0.12 0.33 ± 0.13 4716 5886 1.50 ± 0.19 1.58 ± 0.24 1.15 ± 0.12 1.12 ± 0.16 0.98 ± 0.25 0.93 ± 0.20

18 32 0.29 ± 0.13 0.29 ± 0.11 7235 7832 1.59 ± 0.33 1.46 ± 0.25 1.17 ± 0.24 1.10 ± 0.19 0.96 ± 0.38 0.93 ± 0.20

19 32 0.28 ± 0.11 0.29 ± 0.11 4235 5152 1.45 ± 0.22 1.46 ± 0.22 1.10 ± 0.17 1.12 ± 0.20 0.95 ± 0.20 0.93 ± 0.21

20 32 # 0.24 ± 0.11 # 4777 # 1.64 ± 0.24 # 1.31 ± 0.23 # 1.14 ±0.27

Left Right Left Right Left Right Left Right Left Right

Controls2 (n=8) 15 0.25 ± 0.02 0.25 ± 0.02 3589 ± 462 3433 ± 436 1.23 ± 0.14 1.25 ± 0.14 0.97 ± 0.10 0.99 ± 0.10 0.84 ± 0.09 0.85 ± 0.09

Controls2 (n=15) 32 0.26 ± 0.02 0.26 ± 0.02 4398 ± 518 4097 ± 613 1.49 ± 0.08 1.50 ± 0.07 1.17 ± 0.07 1.17 ± 0.06 1.01 ± 0.07 1.01 ± 0.07
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Case1 No of 

directions

FA Volume3 Axial diffusivity4 ADC value Radial diffusivity4

Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral

1 15 0.28 ± 0.09 0.30 ± 0.12 2517 2505 1.54 ± 0.32 1.62 ± 0.26 1.12 ± 0.25 1.22 ± 0.20 1.01 ± 0.20 1.02 ± 0.20

2 15 0.25 ± 0.13 0.27 ± 0.13 3687 3491 1.66 ± 0.30 1.69 ± 0.28 1.31 ± 0.27 1.32 ± 0.27 1.14 ± 0.30 1.13 ± 0.30

3 15 0.18 ± 0.08 0.26 ± 0.11 2995 4128 1.56 ± 0.44 1.55 ± 0.26 1.32 ± 0.39 1.21 ± 0.20 1.20± 0.40 1.04 ± 0.20

4 15 0.19 ± 0.09 0.22 ± 0.11 2137 3467 1.66 ± 0.29 1.64 ± 0.30 1.38 ± 0.28 1.33 ± 0.24 1.25 ± 0.30 1.17 ± 0.30

5 15 0.25 ± 0.11 0.25 ± 0.11 4140 3687 1.49 ± 0.15 1.55 ± 0.15 1.19 ± 0.26 1.21 ± 0.25 1.03 ± 0.30 1.04 ± 0.30

6 15 # 0.24 ± 0.12 # 3620 # 1.56 ± 0.24 # 1.24 ± 0.18 # 1.08 ± 0.20

7 32 0.20 ± 0.09 0.27 ± 0.13 3950 4969 1.50 ± 0.39 1.49 ± 0.35 1.25 ± 0.38 1.16 ± 0.33 1.13 ± 0.40 1.00 ± 0.30

8 32 0.25 ± 0.11 0.26 ± 0.11 3197 4104 1.56 ± 0.27 1.51 ± 0.26 1.21 ± 0.21 1.19 ± 0.21 1.04 ± 0.20 1.03 ± 0.20

9 32 0.23 ± 0.09 0.22 ± 0.10 3871 4435 1.37 ± 0.22 1.48 ± 0.23 1.10 ± 0.18 1.20 ± 0.21 0.97 ± 0.20 1.07 ± 0.20

10 32 0.26 ± 0.12 0.27 ± 0.11 6623 6347 1.43 ± 0.26 1.41 ± 0.28 1.13 ± 0.23 1.10 ± 0.23 0.97 ± 0.30 0.95 ± 0.20

11 32 0.20 ± 0.09 0.25 ± 0.13 3975 3993 1.46 ± 0.28 1.49 ± 0.34 1.20 ± 0.25 1.18 ± 0.32 1.07 ± 0.30 1.02 ± 0.30

12 32 # 0.23 ± 0.11 # 4275 # 1.60 ± 0.43 # 1.30 ± 0.29 # 1.14 ± 0.30

13 32 0.24 ± 0.09 0.26 ± 0.09 3078 3583 1.34 ± 0.22 1.34 ± 0.20  1.06 ± 0.18 1.05 ± 0.18 0.92 ± 0.20 0.91 ± 0.20

14 32 0.24± 0.09 0.26± 0.10 3706 3785 1.11 ± 0.19 1.07± 0.23 0.90 ± 0.19 0.88 ± 0.20 0.80 ± 0.23 0.79 ± 0.20

15 15 0.23 ± 0.11 0.26± 0.11 2064 2269 1.69 ± 0.23 1.60 ± 0.23 1.32 ± 0.25 1.29 ± 0.23 1.14 ± 0.30 1.13 ± 0.30

16 15 0.24 ± 0.11 0.25 ± 0.13 2542 3099 1.63 ± 0.33 1.59 ± 0.22 1.30 ± 0.32 1.27 ± 0.23 1.13 ± 0.34 1.11 ± 0.26

17 15 0.31 ± 0.12 0.33 ± 0.13 4716 5886 1.50 ± 0.19 1.58 ± 0.24 1.15 ± 0.12 1.12 ± 0.16 0.98 ± 0.25 0.93 ± 0.20

18 32 0.29 ± 0.13 0.29 ± 0.11 7235 7832 1.59 ± 0.33 1.46 ± 0.25 1.17 ± 0.24 1.10 ± 0.19 0.96 ± 0.38 0.93 ± 0.20

19 32 0.28 ± 0.11 0.29 ± 0.11 4235 5152 1.45 ± 0.22 1.46 ± 0.22 1.10 ± 0.17 1.12 ± 0.20 0.95 ± 0.20 0.93 ± 0.21

20 32 # 0.24 ± 0.11 # 4777 # 1.64 ± 0.24 # 1.31 ± 0.23 # 1.14 ±0.27

Left Right Left Right Left Right Left Right Left Right

Controls2 (n=8) 15 0.25 ± 0.02 0.25 ± 0.02 3589 ± 462 3433 ± 436 1.23 ± 0.14 1.25 ± 0.14 0.97 ± 0.10 0.99 ± 0.10 0.84 ± 0.09 0.85 ± 0.09

Controls2 (n=15) 32 0.26 ± 0.02 0.26 ± 0.02 4398 ± 518 4097 ± 613 1.49 ± 0.08 1.50 ± 0.07 1.17 ± 0.07 1.17 ± 0.06 1.01 ± 0.07 1.01 ± 0.07

1. Data are given as mean ± standard deviation of the individual connectivity distributions 
2. Data are given as mean ± standard deviation of the whole group 
3. In mm3 
4. Value * 10-3 

# Indicates that connectivity distributions could not be generated.

Case1 No of 

directions

FA Volume3 Axial diffusivity4 ADC value Radial diffusivity4

Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral Ipsilateral Contra-lateral

1 15 0.28 ± 0.09 0.30 ± 0.12 2517 2505 1.54 ± 0.32 1.62 ± 0.26 1.12 ± 0.25 1.22 ± 0.20 1.01 ± 0.20 1.02 ± 0.20

2 15 0.25 ± 0.13 0.27 ± 0.13 3687 3491 1.66 ± 0.30 1.69 ± 0.28 1.31 ± 0.27 1.32 ± 0.27 1.14 ± 0.30 1.13 ± 0.30

3 15 0.18 ± 0.08 0.26 ± 0.11 2995 4128 1.56 ± 0.44 1.55 ± 0.26 1.32 ± 0.39 1.21 ± 0.20 1.20± 0.40 1.04 ± 0.20

4 15 0.19 ± 0.09 0.22 ± 0.11 2137 3467 1.66 ± 0.29 1.64 ± 0.30 1.38 ± 0.28 1.33 ± 0.24 1.25 ± 0.30 1.17 ± 0.30

5 15 0.25 ± 0.11 0.25 ± 0.11 4140 3687 1.49 ± 0.15 1.55 ± 0.15 1.19 ± 0.26 1.21 ± 0.25 1.03 ± 0.30 1.04 ± 0.30

6 15 # 0.24 ± 0.12 # 3620 # 1.56 ± 0.24 # 1.24 ± 0.18 # 1.08 ± 0.20

7 32 0.20 ± 0.09 0.27 ± 0.13 3950 4969 1.50 ± 0.39 1.49 ± 0.35 1.25 ± 0.38 1.16 ± 0.33 1.13 ± 0.40 1.00 ± 0.30

8 32 0.25 ± 0.11 0.26 ± 0.11 3197 4104 1.56 ± 0.27 1.51 ± 0.26 1.21 ± 0.21 1.19 ± 0.21 1.04 ± 0.20 1.03 ± 0.20

9 32 0.23 ± 0.09 0.22 ± 0.10 3871 4435 1.37 ± 0.22 1.48 ± 0.23 1.10 ± 0.18 1.20 ± 0.21 0.97 ± 0.20 1.07 ± 0.20

10 32 0.26 ± 0.12 0.27 ± 0.11 6623 6347 1.43 ± 0.26 1.41 ± 0.28 1.13 ± 0.23 1.10 ± 0.23 0.97 ± 0.30 0.95 ± 0.20

11 32 0.20 ± 0.09 0.25 ± 0.13 3975 3993 1.46 ± 0.28 1.49 ± 0.34 1.20 ± 0.25 1.18 ± 0.32 1.07 ± 0.30 1.02 ± 0.30

12 32 # 0.23 ± 0.11 # 4275 # 1.60 ± 0.43 # 1.30 ± 0.29 # 1.14 ± 0.30

13 32 0.24 ± 0.09 0.26 ± 0.09 3078 3583 1.34 ± 0.22 1.34 ± 0.20  1.06 ± 0.18 1.05 ± 0.18 0.92 ± 0.20 0.91 ± 0.20

14 32 0.24± 0.09 0.26± 0.10 3706 3785 1.11 ± 0.19 1.07± 0.23 0.90 ± 0.19 0.88 ± 0.20 0.80 ± 0.23 0.79 ± 0.20

15 15 0.23 ± 0.11 0.26± 0.11 2064 2269 1.69 ± 0.23 1.60 ± 0.23 1.32 ± 0.25 1.29 ± 0.23 1.14 ± 0.30 1.13 ± 0.30

16 15 0.24 ± 0.11 0.25 ± 0.13 2542 3099 1.63 ± 0.33 1.59 ± 0.22 1.30 ± 0.32 1.27 ± 0.23 1.13 ± 0.34 1.11 ± 0.26

17 15 0.31 ± 0.12 0.33 ± 0.13 4716 5886 1.50 ± 0.19 1.58 ± 0.24 1.15 ± 0.12 1.12 ± 0.16 0.98 ± 0.25 0.93 ± 0.20

18 32 0.29 ± 0.13 0.29 ± 0.11 7235 7832 1.59 ± 0.33 1.46 ± 0.25 1.17 ± 0.24 1.10 ± 0.19 0.96 ± 0.38 0.93 ± 0.20

19 32 0.28 ± 0.11 0.29 ± 0.11 4235 5152 1.45 ± 0.22 1.46 ± 0.22 1.10 ± 0.17 1.12 ± 0.20 0.95 ± 0.20 0.93 ± 0.21

20 32 # 0.24 ± 0.11 # 4777 # 1.64 ± 0.24 # 1.31 ± 0.23 # 1.14 ±0.27

Left Right Left Right Left Right Left Right Left Right

Controls2 (n=8) 15 0.25 ± 0.02 0.25 ± 0.02 3589 ± 462 3433 ± 436 1.23 ± 0.14 1.25 ± 0.14 0.97 ± 0.10 0.99 ± 0.10 0.84 ± 0.09 0.85 ± 0.09

Controls2 (n=15) 32 0.26 ± 0.02 0.26 ± 0.02 4398 ± 518 4097 ± 613 1.49 ± 0.08 1.50 ± 0.07 1.17 ± 0.07 1.17 ± 0.06 1.01 ± 0.07 1.01 ± 0.07
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Figure 1. Infant 5. a. T1 and b. T2 weighted imaging at the level of the PLIC demonstrating a left 
MCA infarct in the left posterior temporal lobe (arrow) and a slightly dilated left ventricle. The basal 
ganglia and PLIC appear symmetrical. The diffusion image (c) and ADC map (d) show areas of high 
and low SI respectively in this region
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Figure 2. Infant 6. a. T1 b. T2, c. diffusion images and d. ADC map demonstrating a left MCA at the 
level of the PLIC (i) and mesencephalon (ii). Abnormal SI is present in the left PLIC, basal ganglia and 
thalamus (ai and bi) and in the left cerebral peduncle (arrow aii) on conventional MRI. The diffusion 
image (c) and ADC map (d) show abnormal SI in these regions.

Figure 3. The corticospinal tracts in 2 infants with ischemic lesions; a. case 8 and b and c. case 3. 
The volume of the left, ipsilateral CST is diminished in case 3. This is more clearly seen in the sagittal 
projection (c).
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The asymmetry index for tract volume, fractional anisotropy, apparent diffusion coefficient values, 
axial diffusivity, and radial diffusivity of the corticospinal tract in newborn infants with ischemic 
lesions and controls. 

Key = normal controls      
 = cases with normal motor outcome     
 = cases who developed an asymmetry
 = cases who developed a hemiplegia
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Discussion

In this study we examined a group of healthy control infants and a group with 

unilateral perinatally acquired focal lesions using diffusion tractography of the 

CSTs in the neonatal period. Our analyses revealed that, whilst the AI for AD did 

not show any differences between cases and controls, the AI for all the other 

diffusion measures we assessed showed a significant difference between controls 

and infants who developed a hemiplegia and RD also showed a significant 

difference in AI between controls and infants who developed a mild asymmetry. 

We established a normal range for asymmetry of diffusion measures from the 

control infants, which when within the normal range for all diffusion characteristics 

in case infants were associated with normal motor development. All infants who 

developed a hemiplegia either had at least 3 diffusion measures outside the 

normal range, or tractography could not be performed. In the five children who 

developed a mild motor asymmetry, at least 1 of the DTI measures was outside 

the normal range in 4. Of interest, the functional asymmetry was very mild in the 

child whose DTI findings were within the normal range and this child had good 

independent finger movements bilaterally at 4 years of age and a normal gait. 

The conventional MRI findings were similar; no asymmetry in motor function was 

predicted in all 9 children who had no evidence of asymmetry, and hemiplegia was 

predicted in all 6 children who subsequently developed a hemiplegia. However, 

for children who developed a mild motor asymmetry conventional MRI predicted 

a hemiplegia in 2 and normal motor development in 3 infants. The 2 cases where 

tractography correctly predicted an abnormal outcome and conventional MRI did 

not were imaged 3 days and 29 days after the onset of clinical seizures. The ability 

of conventional MRI or tractography to predict abnormal motor development 

does not, therefore, appear to be related to the time of imaging after injury. The 

specificity for prediction of good motor performance was 100% for both MRI and 

tractography, and the sensitivity for prediction of abnormal motor performance 

was 73% for MRI and 91% for tractography.

Our study group included all the term born infants with AIS who were imaged 

neonatally and had good quality DTI over a 4 year period. The incidence of 

hemiplegia in the term infants with AIS in our study (6 of 14) is similar to that reported 
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in other MRI studies of neonatal infarction.2 We included 3 infants who were born 

preterm who had an MCA territory infarction, 2 preterm infants who had HPI and a 

term born infant with venous HPI in addition as the motivation for this study was to 

determine whether tractography can provide additional information compared to 

conventional MRI alone in infants who reflect the common unilateral focal lesions 

presenting to the clinical neonatologist and radiologist. Our results suggest that 

tractography offers little extra prognostic information compared to that which can 

be obtained from conventional MRI in infants with normal motor outcome or who 

develop a hemiplegia. However, tractography may be useful in identifying those 

infants who subsequently develop a mild motor asymmetry. In this study, both 

cases where MRI was predictive of normal motor development and tractography 

findings were asymmetrical developed an asymmetry. We accept that our study 

is limited by a relatively small subject group and the early age at assessment for 

some infants. In addition, it remains to be seen whether the children with mild 

motor problems will develop a mild hemiplegia in later childhood, although that 

appears unlikely in the child who was assessed at 4 years. In the study by Mercuri 

et al only one child who was asymmetrical at 2 years had a mild hemiplegia at 5.5 

years.22

Studies have shown that an increased SI at the level of the PLIC and the cerebral 

peduncle on diffusion weighted images (DWIs), indicating areas of restricted 

diffusion, is followed by the development of a hemiplegia in infants with AIS.15 

Kirton et al. examined DWIs from 14 neonates with AIS and found a difference in 

relative affected volume of the CST using slice-by-slice analysis, when comparing 

children with good and poor motor outcome.14 Similar findings have been reported 

in the adult brain following stroke, with marked reductions in anisotropy following 

ischemia being associated with the structural breakdown of WM fibers.24,25 This 

decrease in anisotropy is presumably caused by Wallerian degeneration (WD), that 

is the anterograde degeneration of axons and myelin sheaths after proximal axonal 

or cell body injury, which is observed as subtle changes in SI on conventional 

imaging.5,26 The asymmetries in tract volume, FA and RD observed in infants who 

developed motor impairments in this present study may be early markers of the 

progressive disintegration of fibers due to WD.



161Chapter 6   Tractography of the Corticospinal Tracts in Infants with Focal Perinatal Injury:  
Comparison with Normal Controls and to Motor Development

Using an AI to assess differences between the injured and contra-lateral CSTs 

allowed us to combine data acquired using 2 different diffusion schemes, and 

offers the possibility of performing larger studies comparing data from different 

imaging centers in future studies. Another advantage of this approach is that we 

were able to assess images obtained over a wide age range following birth, and so 

imaging in the acute period following the injury was not essential.

Our secondary aim was to establish normative values for diffusion characteristics 

of the CSTs in healthy control infants at term which, to our knowledge, have 

not been reported in such a large group previously. Aeby et al. assessed CST 

development using probabilistic tractography and, in 6 healthy term infants, they 

reported a mean FA of around 0.23, close to our finding of 0.26.17 Other studies 

using a deterministic approach reported slightly higher FA values at TEA in infants 

who were born preterm.27 By using a probabilistic approach, we could delineate 

tracts not only in areas with high FA, but also areas with lower FA values, such as 

the peripheral portion of the tract close to the motor cortex, which may explain 

this difference. Previous studies have demonstrated a trend towards differences 

in tract volume and FA between hemispheres in preterm infants at TEA,28 however, 

we did not demonstrate inter-hemispheric differences in either volume or FA in our 

healthy term-born controls.

In summary, both conventional MRI and tractography of the CSTs performed in 

the neonatal period were able to predict subsequent normal motor development 

or hemiplegia following ischemic injury. Diffusion tractography appears to offer 

additional information over conventional MRI in predicting a subsequent mild 

motor asymmetry.

 



Functional Development at School Age of Newborn Infants at Risk

1.    Benders MJ, Groenendaal F, Uiterwaal CS, et al. 

Maternal and infant characteristics associated with 

perinatal arterial stroke in the preterm infant. Stroke 

2007;38:1759-1765.

2.   Mercuri E, Rutherford M, Cowan F, et al. Early 

prognostic indicators of outcome in infants 

with neonatal cerebral infarction: a clinical, 

electroencephalogram, and magnetic resonance 

imaging study. Pediatrics 1999;103:39-46.

3.  deVeber GA, MacGregor D, Curtis R, Mayank S. 

Neurologic outcome in survivors of childhood arterial 

ischemic stroke and sinovenous thrombosis. J Child 

Neurol 2000;15:316-324.

4.  Sreenan C, Bhargava R, Robertson CM. Cerebral 

infarction in the term newborn: clinical  

presentation and long-term outcome. J Pediatr  

2000;137:351-355.

5.   de Vries LS, Groenendaal F, van Haastert I, Eken P, 

Rademaker KJ, Meiners LC. Asymmetrical myelination 

of the posterior limb of the internal capsule in infants 

with periventricular haemorrhagic infarction: An early 

predictor of hemiplegia. Neuropediatrics  

1999;30:314-319.

6.  Huppi PS, Maier SE, Peled S, et al. Microstructural 

development of human newborn cerebral white 

matter assessed in vivo by diffusion tensor magnetic 

resonance imaging. Pediatr Res 1998;44:584-590.

7.  Neil JJ, Shiran SI, McKinstry RC, et al. Normal brain in 

human newborns: apparent diffusion coefficient and 

diffusion anisotropy measured by using diffusion tensor 

MR imaging. Radiology 1998;209:57-66.

8.  Seghier ML, Lazeyras F, Zimine S, et al. Combination of 

event-related fMRI and diffusion tensor imaging in an 

infant with perinatal stroke. Neuroimage  

2004;21:463-472.

9.  Ward P, Counsell S, Allsop J, et al. Reduced fractional 

anisotropy on diffusion tensor magnetic resonance 

imaging after hypoxicischemic encephalopathy. 

Pediatrics 2006;117:e619-e630.

10.  Behrens TE, Johansen-Berg H, Woolrich MW, et al. 

Non-invasive mapping of connections between human 

thalamus and cortex using diffusion imaging. Nat 

Neurosci 2003;6:750-757.

11.  Counsell SJ, Dyet LE, Larkman DJ, et al. Thalamo-

cortical connectivity in children born preterm mapped 

using probabilistic magnetic resonance tractography. 

Neuroimage 2007;34:896-904.

12.  Dudink J, Mercuri E, Al-Nakib L, et al. Evolution 

of unilateral perinatal arterial ischemic stroke on 

conventional and diffusion weighted MR imaging. Am 

J Neuroradiol 2009;30:998-1004.

13.  Krishnamoorthy KS, Soman TB, Takeoka M, Schaefer 

PW. Diffusion-weighted imaging in neonatal cerebral 

infarction: clinical utility and follow-up. J Child Neurol 

2000;15:592-602.

References



163Chapter 6   Tractography of the Corticospinal Tracts in Infants with Focal Perinatal Injury:  
Comparison with Normal Controls and to Motor Development

14.  Kirton A, Shroff M, Visvanathan T, deVeber G. 

Quantified corticospinal tract diffusion restriction 

predicts neonatal stroke outcome. Stroke 

2007;38:974-980.

15.  de Vries LS, Van der Grond J, van Haastert IC, 

Groenendaal F. Prediction of outcome in new-

born infants with arterial ischaemic stroke using 

diffusion-weighted magnetic resonance imaging. 

Neuropediatrics 2005;36:12-20.

16.  Gilmore JH, Lin W, Corouge I, et al. Early postnatal 

development of corpus callosum and corticospinal 

white matter assessed with quantitative tractography. 

Am J Neuroradiol 2007;28:1789-1795.

17.  Aeby A, Liu Y, De Tiege, X, et al. Maturation of 

thalamic radiations between 34 and 41 weeks’ 

gestation: a combined voxel-based study and 

probabilistic tractography with diffusion tensor 

imaging. Am J Neuroradiol 2009;30:1780-1786.

18.  Smith SM, Jenkinson M, Woolrich MW, et al. 

Advances in functional and structural MR image 

analysis and implementation as FSL. Neuroimage 

2004;23:S208-S219.

19.  Bassi L, Chew A, Merchant N, et al. Diffusion tensor 

imaging in preterm infants with punctate white matter 

lesions. Pediatr Res 2011; 69:561-566.

20.  Haataja L, Mercuri E, Regev R, et al. Optimality score 

for the neurologic examination of the infant at 12 and 

18 months of age. J Pediatr 1999;135:153-161.

21.  Choi CH, Lee JM, Koo BB, et al. Sex differences in the 

temporal lobe white matter and the corpus callosum: 

a diffusion tensor tractography study. Neuroreport 

2010;21:73-77.

22.  Mercuri E, Barnett A, Rutherford M, et al. Neonatal 

cerebral infarction and neuromotor outcome at school 

age. Pediatrics 2004;113: 95-100.

23.  Puig J, Pedraza S, Blasco G, et al. Wallerian 

degeneration in the corticospinal tract evaluated by 

diffusion tensor imaging correlates with motor deficit 

30 days after middle cerebral artery ischemic stroke. 

Am J Neuroradiol 2010;31:1324-1330.

24.  Pierpaoli C, Barnett A, Pajevic S, et al. Water 

diffusion changes in Wallerian degeneration and their 

dependence on white matter architecture. Neuroimage 

2001;13:1174-1185.

25.  Werring DJ, Toosy AT, Clark CA, et al. Diffusion 

tensor imaging can detect and quantify corticospinal 

tract degeneration after stroke. J Neurol Neurosurg 

Psychiatry 2000;69:269-272.

26.  Bouza H, Dubowitz LM, Rutherford M, Pennock JM. 

Prediction of outcome in children with congenital 

hemiplegia: a magnetic resonance imaging study. 

Neuropediatrics 1994;25:60-66.

27.  Adams E, Chau V, Poskitt KJ, Grunau RE, Synnes 

A, Miller SP. Tractographybased quantitation of 

corticospinal tract development in premature 

newborns. J Pediatr 2010;156:882-888.



Functional Development at School Age of Newborn Infants at Risk

28.  Liu Y, Baleriaux D, Kavec M, et al. Structural 

asymmetries in motor and language networks 

in a population of healthy preterm neonates at 

term equivalent age: a diffusion tensor imaging 

and probabilistic tractography study. Neuroimage 

2010;51:783-788.



165Chapter 6   Tractography of the Corticospinal Tracts in Infants with Focal Perinatal Injury:  
Comparison with Normal Controls and to Motor Development





Chapter 7 Functional impairments at school age of children  

with necrotizing enterocolitis or  

spontaneous intestinal perforation

  

Chapter 8 Functional impairments at school age of  

preterm born children with late-onset sepsis

  

Chapter 9 Motor and cognitive outcome at school age  

of children surgically treated for intestinal obstructions  

in the first days of life

PART 3
Functional outcome of newborn infants with  

systemic diseases 





Chapter 7

FUNCTIONAL IMPAIRMENTS AT SCHOOL 

AGE OF CHILDREN WITH NECROTIZING 

ENTEROCOLITIS OR SPONTANEOUS 

INTESTINAL PERFORATION   

ELISE ROZE, BASTIAAN D.P. TA, MEIKE H. VAN DER REE, JOZIEN C. TANIS, 

KOENRAAD N. J. A. VAN BRAECKEL, JAN B.F. HULSCHER, AREND F. BOS 

PEDIATRIC RESEARCH 2011; DOI 10.1203/PDR.0B013E31823279B1



Functional Development at School Age of Newborn Infants at Risk

Abstract

We aimed to determine motor, cognitive, and behavioral outcome at school age of 

children that had either necrotizing enterocolitis (NEC) or spontaneous intestinal 

perforation (SIP). This case-control study included infants with NEC Bell’s stage-

IIA onwards, infants with SIP and matched controls (1996-2002). At school age 

we assessed motor skills, intelligence, visual perception, visuomotor integration, 

verbal memory, attention, behavior, and executive functions. Of 93 infants with 

NEC or SIP, 28 (30%) died. We included 52 of 65 survivors for follow-up. At mean 

age 9 years we found that 68% of the children had borderline or abnormal scores 

on the Movement Assessment Battery for Children (versus 45% of controls). Their 

mean total intelligence quotient (IQ) was 86±14 compared to 97±9 in the controls. 

Additionally, attention and visual perception were affected (p<.01 and p=.02). In 

comparison to controls, surgically treated children were at highest risk for adverse 

outcome. In conclusion, at school age the motor functions and intelligence of many 

children with NEC or SIP were borderline or abnormal and, specifically, attention 

and visual perception were impaired. Children with NEC or SIP form a specific risk-

group for functional impairments at school age even though the majority does not 

have overt brain pathology.
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Introduction

Necrotizing enterocolitis (NEC) is a common, acute gastrointestinal disease in newborn, 

mostly preterm infants. The clinical manifestation and course of NEC can vary from 

non-specific symptoms requiring conservative treatment to a fulminant disease with 

major abdominal and systemic symptoms requiring surgery. 

Spontaneous intestinal perforation (SIP) is a less common gastrointestinal disorder. Its 

incidence has increased over time with the increasing rate of survival of very low birth 

weight infants. Infants with SIP have clinical and radiographic features that are often 

less pronounced than infants with NEC, but they always require surgical treatment.1 

Mortality in infants with NEC or SIP is found to range between 15 to 30%.1,2

Newborn infants with NEC or SIP often require prolonged ventilatory support and 

they are prone to develop sepsis, which both can lead to white matter injury.3 In 

addition, they often have difficulty tolerating enteral feeding that subjects them to 

inadequate nutrition and growth impairment. All these factors contribute to the risk 

of neurodevelopmental disabilities. Earlier studies reported that ~20% of the infants 

with NEC develop cerebral palsy (CP) while even more children have cognitive 

impairments.4,5 Most of these studies, however, only followed the children up to the 

age of 2 years. Furthermore, infants with SIP are frequently excluded from outcome 

studies since SIP is a different disease than NEC, while they have similar presenting 

signs. Consequently, the neurodevelopmental outcome at school age of children with 

NEC or SIP is unknown. Since functional demands at school age are higher than at 

younger ages, more specific motor, cognitive, and behavioral deficits that were not 

detected previously may now become apparent. 

The first aim of our study was to determine the motor, cognitive, and behavioral 

outcome at school age of children with the gastrointestinal diseases NEC or SIP 

compared to control children of similar gestational age. Our second aim was to identify 

disease-related risk factors for adverse outcome, such as type of treatment, Bell’s 

stage, and presence of late onset sepsis. We hypothesized that children with surgically 

treated NEC (SurgNEC) would be at highest risk for neurodevelopmental impairments 

compared to children with SIP and medically treated NEC (MedNEC), since they had 

often been severely ill for a significant period of time and their illness was frequently 

complicated with perforation.
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Methods

Patients

We selected all newborn infants that were admitted to the Neonatal Intensive Care 

Unit (NICU) of the University Medical Center Groningen between 1996-2002 and 

diagnosed with either NEC, from Bell’s stage-IIA onwards, or SIP. We found the 

infants by searching the patient database on the diagnoses NEC, and intestinal and 

gastric perforations. We also included control infants from our NICU that were born in 

the same period (1996-2002) and matched for gender and gestational age. We aimed 

at including 1.5-2 times as many control infants as cases in the subgroups of infants 

with gastrointestinal diseases (i.e. MedNEC (n=15), SurgNEC (n=17), SIP (n=20)). 

We therefore included 31 controls. We excluded patients with major chromosomal 

anomalies. The infants in the control group were comparable to our study group in 

all respects except that they did not have gastrointestinal diseases (Table 1).6 The 

diagnosis of either NEC or SIP was made in a multi-disciplinary setting, involving 

neonatologists, pediatric surgeons and radiologists based on i. clinical signs, 

including abdominal distention and discoloration, bloody stools, and circulatory 

and respiratory instability; II. radiological signs consistent with either pneumatosis 

intestinalis, pneumoperitoneum or both; and III. the extent of the affected bowel during 

surgery. All of the infants with SIP and SurgNEC underwent laparotomy in the acute 

phase of the illness. We reviewed the medical charts for neonatal and disease-related 

characteristics. Disease severity in the infants with NEC was classified according to 

Bell’s stages by using the clinical, radiographic, and laparotomy findings.7 We also 

recorded the number of disease-related reoperations in the first year of life.

Follow-up

The children were invited prospectively to participate in an extension of the routine 

follow-up program which was supervised by a child neuropsychologist (K.N.J.A.B.). 

The program entailed the assessment of motor performance, cognition, and 

behavior at the age of 6 to 13 years. The follow-up took approximately 2.5 hours 

to complete including breaks. Parents gave their written informed consent to 

participate in the follow-up program. The study was approved by the Medical 

Ethical Committee of the University Medical Center Groningen.
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Motor Outcome

We determined the presence or absence of CP following Bax’ criteria.8 In case 

of CP, gross motor functioning was scored with the Gross Motor Function 

Classification System (GMFCS), a functional, five level classification system for 

CP.9 Higher GMFCS levels indicate more severe functional impairments.

To assess the children’s motor outcome we administered the Movement 

Assessment Battery for Children (Movement-ABC), a standardized test of motor 

skills for children.10 This test yields a total motor performance score that is based on 

subscores for manual dexterity (fine motor skills), ball skills, and static and dynamic 

balance (coordination). The higher the score, the poorer the performance. 

We also measured height and weight of the children which are expressed as 

z-scores.

Cognitive Outcome

Total, verbal, and performance intelligence were assessed using a shortened 

version of the Wechsler Intelligence Scale for Children, third edition, Dutch version 

(WISC-III-NL).11 In addition, we assessed central visual perception and visuomotor 

integration with the subtests Geometric Puzzles and Design Copying of the NEPSY-

II, a neuropsychological test battery for children.12 Visuomotor integration involves 

the integration of visual information with finger-hand movements. 

We assessed verbal memory with a standardized Dutch version of Rey’s Auditory 

Verbal Learning Test.13 

We measured selective attention and attentional control with the subtests Map 

Mission and Opposite Worlds of the Test of Everyday Attention for Children.14 

Selective attention refers to a child’s ability to select target information from an 

array of distractors. Attentional control refers to the ability to shift attention flexibly 

and adaptively. 

Behavioral Outcome

To obtain information on the children’s behavioral and emotional competencies 

and problems we asked the parents to complete the Child Behavior Checklist.15 

It consists of two subscales, one for internalizing problems (withdrawn behavior, 
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somatic complaints, and anxious/depressed scales) and one for externalizing 

problems (delinquent and aggressive behavior scales), and a composite total 

scale. 

The parents also filled out the Behavior Rating Inventory of Executive Function16 to 

assess executive functioning involved in well-organized, purposeful, goal-directed, 

and problem-solving behavior. 

Test scores obtained when a child was too tired and/or uncooperative (as 

assessed by the trained experimenter) as well as incomplete questionnaires, were 

excluded.

The experimenter was blinded to the presence or absence of gastrointestinal 

diseases in the children.

Statistical Analyses

We classified the intelligence quotients (IQs) as normal (IQ≥85), borderline (mildly 

abnormal, IQ 70-85), moderately abnormal (IQ 69-55), and severely abnormal 

(IQ<55). We used the percentiles on the standardization samples of the Movement-

ABC and cognitive tests to classify raw scores into normal (>P15), borderline (P5-

P15), and abnormal (<P5). For the Child Behavior Checklist and Behavior Rating 

Inventory of Executive Function we used a similar classification following the 

criteria in the manual. Visual inspection of the histograms and Q-Q plots were used 

to determine which outcome measures were normally distributed. We then used 

the Student’s t, Mann-Whitney U, and Chi2 test where appropriate to compare the 

outcome measures of the study group with the control group and to relate disease 

characteristics to outcome. We used backward logistic regression analysis to 

calculate the odds ratios (ORs) for worse outcome when comparing the children 

with gastrointestinal diseases to the controls, and the children with SurgNEC 

to the groups of children with both MedNEC and SIP. We repeated the logistic 

regression analyses, adjusting for severe cerebral pathology. Cerebral pathology 

was detected by serial cranial ultrasound scans, and defined as severe in case 

of grade III germinal matrix hemorrhage, post-hemorrhagic ventricular dilatation, 

periventricular hemorrhagic infarction and cystic periventricular leukomalacia. 

Next, to identify additional disease-related risk factors for adverse outcome, 
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we performed a univariate analysis to relate age at development of NEC, Bell’s 

stage, localization of SIP (gastric or intestinal), presence of late onset sepsis, age 

at surgery, and multiple surgeries to outcome within the group of children with 

gastrointestinal diseases. Throughout the analyses p<.05 was considered to be 

statistically significant. SPSS 16.0 software for Windows (SPSS Inc, Chicago, IL) 

was used for the analyses. The analyses were performed by E.R. and A.F.B. with 

support from a statistician.
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Results

Between 1996-2002 a total of 3,947 patients were admitted to our NICU. After 

database search 59 infants with NEC and 34 infants with SIP were included. 

Twenty (34%) of the infants with NEC and 8 (24%) of the infants with SIP died in 

the neonatal period. A total of 65 survivors with gastrointestinal diseases remained 

of whom 52 (80%) participated in the follow-up program – 8 sets of parents 

declined the invitation to participate, 4 could not be traced, and 1 child could not 

be assessed as a result of being deaf. We included 31 control infants from our 

NICU for follow-up.

 

Patient Characteristics

Table 1 gives an overview of the patient demographics of the children with 

gastrointestinal diseases and the controls. The demographics of the 13 children 

who did not participate were comparable to the children included in our study 

(n=7 with NEC, n=6 with SIP, median gestational age 28.9 weeks, birth weight 

1,100 grams). The child that could not be assessed as a result of being deaf had 

MedNEC.

Of the 15 infants with MedNEC, 13 had Bell’s stage-IIA and 2 stage-IIB. One of 

these infants was surgically treated for an intestinal stenosis several weeks after 

recovering from NEC. Of the 17 infants with SurgNEC, 1 had Bell’s stage-IIA, 1 

stage-IIB, 3 stage-IIIA, and 12 stage-IIIB. 

Two of the 20 infants with SIP had a stomach perforation and 18 had an intestinal 

perforation. All infants with SIP and SurgNEC underwent laparotomy in the acute 

phase of their gastrointestinal disease. One child with SIP received postnatal 

steroids from day 11 onwards because of respiratory problems, prior to the 

development of SIP.

During childhood, 3 children required pediatric intensive care treatment for 

respiratory support, which was not related to their gastrointestinal disease from 

the neonatal period. One child with MedNEC had subglottic laryngitis, one child 

with SIP required a cardiac intervention for pulmonary artery stenosis and one 

control child had a respiratory syncytial virus infection.
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Follow-up

The mean age at follow-up was 9.3 years (range 6.2-13.3 years). At school age we 

found that 1 child had visual problems requiring prescription glasses, 4 children 

had hearing problems requiring hearing aids, and 4 children had epilepsy. These 

disabilities were not found in the control group. Regarding growth, we found that 

children with gastrointestinal diseases had a mean height z-score of -0.37 (SD, 

1.17), weight of 0.09 (SD 1.34), and head circumference of -0.40 (SD 1.09). In the 

control children this was -0.40 (SD 0.95) for height, 0.11 (SD 1.57) for weight, and 

-0.43 (SD 1.45) for head circumference.

Motor Outcome

Of the 52 children with gastrointestinal diseases, 3 developed unilateral CP (6%) 

and 5 bilateral CP (9%). Their functional impairments were limited to GMFCS level-I 

in 3 and level-II in 4 children. One child with severe functional impairments had 

GMFCS level-IV. In the control group only 1 child developed bilateral CP (5%) with 

GMFCS level-II. The increased incidence of CP in the children with gastrointestinal 

diseases was almost significant (p=.08).

The median scores on the Movement-ABC are shown in Table 2. The child with 

severe CP (GMFCS-IV) was not assessed with the Movement-ABC. The children 

with gastrointestinal diseases scored significantly worse than the controls on the 

total Movement-ABC score and on the subtests fine motor skills and coordination. 

In Table 3 we classified the outcome into the categories normal, borderline, and 

abnormal, and present the ORs for worse outcome, after correction for cerebral 

pathology. Sixty-eight percent of the children with gastrointestinal diseases 

obtained borderline or abnormal scores on the Movement-ABC with an OR of 

2.27 compared to controls. Before correction for cerebral pathology, ORs for 

borderline /abnormal outcome on the total score of the Movement-ABC and 

abnormal outcome on coordination were slightly higher. (OR 2.66, 95% CI 1.06-

6.68, p=.04, and OR 3.64, 95% CI 1.20-11.02, p=.02 respectively). All other ORs 

were the same.
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Cognitive and Behavioral Outcome

Of the 52 children with gastrointestinal diseases 15 (28%) attended special 

education classes and 14 (27%) had to repeat classes. In the control group (n=31) 1 

child (3%) attended a special education class and 8 (26%) had to repeat classes.

Table 2 shows the mean and median scores, where appropriate, on the cognitive 

and behavioral measures. For 3 children with gastrointestinal diseases the 

neuropsychological tests were too difficult because of very low IQ scores. In 

comparison to the controls the children with gastrointestinal diseases scored 

significantly lower on intelligence (total, verbal, and performance), visual perception, 

and attention. There was a trend towards lower scores on visuomotor integration. 

On the delayed recall of verbal memory they scored slightly better than the controls. 

The incidence of behavioral problems in the groups was comparable. 

In Table 3 we classified the scores into the categories normal, borderline, and 

abnormal including the ORs for worse outcome after correction for cerebral 

pathology. The children whose neuropsychological functions could not be 

assessed were included in the category abnormal. Regarding IQ, we found that 

n=3 children had moderately abnormal total IQs, whilst n=2 had severely abnormal 

total IQs; for verbal IQ this was n=5 and n=2 and for performance IQ n=5 and n=2 

respectively. The ORs confirmed the analyses of the mean scores except for visual 

perception in which case the OR was not significant. The better scores on verbal 

memory were not confirmed by the ORs. Analyses without correction for cerebral 

pathology revealed similar results with slightly different ORs, but no differences in 

level of significance (data not shown). Only ORs for borderline /abnormal verbal IQ 

and visuomotor integration were higher prior to correction (OR 3.28, 95% CI 0.99-

10.88, p=.05 and OR 4.15, 95% CI 1.10-15.66, p=.03, respectively).

Disease Characteristics in relation to Outcome

Subsequently, we determined whether the disease characteristics of the children 

with gastrointestinal diseases were related to outcome at school age. Between 

the subgroups of children with gastrointestinal diseases (MedNEC, SurgNEC, and 

SIP) no differences in outcome were found. Next, we analyzed the outcomes of the 

subgroups in comparison to the controls. In Figure 1 we provide the Movement-
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ABC and IQ scores. The children with SIP had the highest Movement-ABC scores, 

which indicates adverse outcome. The IQ scores of the children with MedNEC, 

SurgNEC, and SIP were lower than those of the controls. We found the biggest 

differences for children with SurgNEC or SIP.

In Table 4 we present the ORs for borderline /abnormal outcome of the children 

with MedNEC, SurgNEC, or SIP in comparison to the control group. The children 

with SIP had a significant increased risk for worse motor outcome compared to 

the controls. The ORs for lower intelligence reached significance in the children 

with SurgNEC and SIP, and showed a trend towards significance in children with 

MedNEC. The children with SurgNEC were at risk for worse visuomotor integration. 

Attention was worse in all three groups, although only the ORs of the children with 

SurgNEC and SIP reached significance. When calculating the ORs for abnormal 

outcome only, the domains in which the children had increased ORs for worse 

outcome were similar, apart from some empty fields (data not shown). 

Analyses without correction for cerebral pathology showed that visual perception 

tended to be worse in children with SIP compared to controls (OR 4.93, 95% CI 

0.87-27.88, p=.07). All other ORs were the same before and after correction.

None of the additional disease-related risk factors (the age at development of 

NEC, Bell’s stage, localization of SIP (gastric or intestinal), presence of late onset 

sepsis, age at surgery, and multiple surgeries) were related to adverse 

outcome at school age. 
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TABLE 1 Patient demographics

Data are given as median (25th-75th percentile) or as numbers (percentage). *Indicates p<.05 when 
comparing MedNEC to SurgNEC, **Indicates p<.05 when comparing SurgNEC to SIP
1.  Mild cerebral pathology was defined as grade I and II germinal matrix-intraventricular hemorrhage 

(GMH-IVH) 
2.  Severe cerebral pathology was defined as grade III GMH-IVH, post-hemorrhagic ventricular 

dilatation (PHVD), periventricular hemorrhagic infarction, and cystic periventricular leukomalacia. 
PHVD was defined as a lateral ventricle size of <0.33 according to Evans’ index (the right and left 
lateral horn width divided by the maximum internal skull width)6 

3. Retinopathy of prematurity grade III and worse  
4.  Calculated by the Chi2 and Mann-Whitney U test comparing the children with gastrointestinal 

diseases (MedNEC, SurgNEC, and SIP taken together) to the controls 
Abbreviations: HFO- high frequency oscillation; GMH-IVH- germinal matrix hemorrhage-
intraventricular hemorrhage; IPPV- intermittent positive pressure ventilation; IUGR- intrauterine growth 
restriction; ns- not significant; PHVD- post-hemorrhagic ventricular dilatation.  

MedNEC SurgNEC SIP Controls p-value4

Number n=15 n=17 n=20 n=31

Males/females 9/6 11/6 14/6 17/14 ns

Gestational age (weeks) 29.8  
(27.5-34.6)

31.2  
(29.0-32.8)

29.5  
(27.5-31.2)

30.0  
(27.7-32.0)

ns

Birth weight (grams) 1100 
(1020-1775)

1415  
(1103-1770)

1173  
(850-1494)

1220 
(1060-1840)

ns

IUGR (<P10) n=2 (13) n=4 (24) n=1 (5) n=2 (6) ns

Apgar at 5 minutes 9 (7-10) 8 (6-10) 9 (4-10) 9 (5-10) ns

Asphyxia n=1 (7) n=1 (6) n=2 (10) n=0 (0) ns

Ventilatory support 
(IPPV or HFO) 

n=13 (87) n=17 (100) n=20 (100) n=20 (65) <0.001

Inotropics n=4 (27) n=10 (59) n=8 (40) n=3 (10) 0.001

Cerebral pathology

None n=8 (53) n=11 (65) n=11 (55) n=24 (77) ns

Mild1 n=5 (33) n=5 (29) n=6 (30) n=7 (23) ns

Severe2 n=2 (13) n=1 (6) n=3 (15) n=0 (0) ns

Neonatal seizures n=0 (0) n=0 (0) n=3 (15) n=0 (0) ns

Late onset sepsis n=3 (20)* n=11 (65)** n=4 (20) n=3 (10) 0.009

Gram-positive bacteria n=2 (13)* n=9 (53)** n=3 (15) n=3 (10) ns

Gram-negative bacteria n=1 (7) n=3 (18) n=4 (20) n=0 (0) ns

Late onset morbidity

Retinopathy of prematurity3 n=1 (7) n=0 (0) n=1 (5) n=0 (0) ns

Bronchopulmonary 
dysplasia

n=5 (33) n=4 (24) n=4 (20) n=6 (19) ns

Postnatal steroids n=2 (13) n=5 (29) n=5 (25) n=6 (19) ns

Reoperations within first 
year of life

- 2 (1-4) 1 (0-4) -
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MedNEC SurgNEC SIP Controls p-value4

Number n=15 n=17 n=20 n=31

Males/females 9/6 11/6 14/6 17/14 ns

Gestational age (weeks) 29.8  
(27.5-34.6)

31.2  
(29.0-32.8)

29.5  
(27.5-31.2)

30.0  
(27.7-32.0)

ns

Birth weight (grams) 1100 
(1020-1775)

1415  
(1103-1770)

1173  
(850-1494)

1220 
(1060-1840)

ns

IUGR (<P10) n=2 (13) n=4 (24) n=1 (5) n=2 (6) ns

Apgar at 5 minutes 9 (7-10) 8 (6-10) 9 (4-10) 9 (5-10) ns

Asphyxia n=1 (7) n=1 (6) n=2 (10) n=0 (0) ns

Ventilatory support 
(IPPV or HFO) 

n=13 (87) n=17 (100) n=20 (100) n=20 (65) <0.001

Inotropics n=4 (27) n=10 (59) n=8 (40) n=3 (10) 0.001

Cerebral pathology

None n=8 (53) n=11 (65) n=11 (55) n=24 (77) ns

Mild1 n=5 (33) n=5 (29) n=6 (30) n=7 (23) ns

Severe2 n=2 (13) n=1 (6) n=3 (15) n=0 (0) ns

Neonatal seizures n=0 (0) n=0 (0) n=3 (15) n=0 (0) ns

Late onset sepsis n=3 (20)* n=11 (65)** n=4 (20) n=3 (10) 0.009

Gram-positive bacteria n=2 (13)* n=9 (53)** n=3 (15) n=3 (10) ns

Gram-negative bacteria n=1 (7) n=3 (18) n=4 (20) n=0 (0) ns

Late onset morbidity

Retinopathy of prematurity3 n=1 (7) n=0 (0) n=1 (5) n=0 (0) ns

Bronchopulmonary 
dysplasia

n=5 (33) n=4 (24) n=4 (20) n=6 (19) ns

Postnatal steroids n=2 (13) n=5 (29) n=5 (25) n=6 (19) ns

Reoperations within first 
year of life

- 2 (1-4) 1 (0-4) -

TABLE 2  Motor, cognitive, and behavioral outcome in children with 

gastrointestinal diseases (NEC or SIP) versus controls

Data are given as mean (standard deviation, range) for normally distributed variables or median 
(25th-75th percentile) for non normally distributed variables. NS; not significant
# p-values derived from Student t-test or Mann-Whitney u test
1. Raw-scores
2. Intelligence quotients
3. Percentiles
4. T-scores

Children with 
gastrointestinal 
diseases (n=52)

Controls (n=31) p-values#

Age at follow-up 9.6 (2.2, 6.2-13.2) 8.9 (1.6, 6.8-13.3) ns

Motor outcome (n=82)1

Movement-ABC total 10 (7-20) 8 (5-13) 0.037

Fine motor skills  6 (3-9) 3 (1-6) 0.008

Ball skills  2 (0-5) 3 (1-5) ns

Coordination  4 (2-8) 2 (0-4) 0.006

Cognitive outcome

Total intelligence2 86 (14, 45-118) 97 (9, 79-119) <0.001

Verbal intelligence2 87 (15, 50-125) 98 (12, 78-128) 0.001

Performance intelligence2 84 (15, 40-110) 95 (10, 78-118) 0.001

Visual perception (n=72)3 43 (29, 0.1-100) 61 (29, 5-98) 0.02

Visuomotor integration (n=80)3 47 (35, 0-100) 61 (30, 9-100) 0.08

Verbal memory (n=80)3 48 (39, 0-100) 48 (29, 1-91) ns

Delayed recall (n=74)3 54 (33, 0.1-99) 38 (30, 1-95) 0.04

Recognition (n=75)1 29 (2, 21-30) 29 (2, 22-30) ns

Selective attention (n=79)3 16 (6-50) 50 (25-63) 0.01

Attentional control (n=80)3 16 (3-50) 50 (16-75) 0.005

Behavioral outcome (n=81)

Total behavioral problems4 55 (11, 29-88) 55 (11, 34-81) ns

Internalizing problems4 53 (11, 33-77) 54 (13, 33-73) ns

Externalizing problems4 53 (11, 33-83) 52 (12, 33-82) ns

Executive functioning3 50 (27-81) 51 (30-66) ns
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TABLE 3  Outcome of children with gastrointestinal diseases (NEC or 

SIP) classified into normal, borderline, and abnormal versus controls  

(the presented ORs are adjusted for severe cerebral pathology)

Children with gastrointestinal diseases (n=52) Controls (n=31) OR (95% CI)1 OR (95% CI)2

Normal Borderline Abnormal Normal Borderline Abnormal

Motor outcome (n=82)

Movement-ABC total 16 (31) 14 (27) 21 (41) 17 (55) 6 (19) 8 (26) 2.27* (0.90-5.78) 1.69 (0.62-4.59)

Fine motor skills 20 (39) 16 (31) 15 (29) 21 (68) 7 (23) 3 (10) 3.23** (1.27-8.33) 3.89** (1.02-14.77)

Ball skills 32 (63) 8 (16) 11 (22) 18 (58) 9 (29) 4 (13) 0.61 (0.23-1.57) 1.86 (0.54-6.44)

Coordination 24 (47) 6 (12) 21(41) 22 (71) 4 (13) 5 (16) 2.75** (1.06-7.12) 3.05* (0.99-9.43)

Cognitive outcome

Total intelligence 30 (58) 17 (33) 5 (10) 29 (94) 2 (6) 10.63‡ (2.29-49.35) ||

Verbal intelligence 35 (67) 10 (19) 7 (13) 27 (87) 4 (13) 2.66 (0.77-9.10) ||

Performance intelligence 31 (60) 14 (27) 7 (13) 25 (81) 6 (19) 2.82* (0.99-8.06) ||

Visual perception (n=75) 41 (82) 7 (14) 2 (4) 23 (92) 2 (8) 3.63 (0.75-17.70) ||

Visuomotor integration 39 (75) 6 (12) 7 (13) 28 (90) 3 (10) 3.29* (0.85-12.84) ||

Verbal memory 43 (83) 4 (8) 5 (10) 26 (84) 1 (3) 4 (13)

Delayed recall (n=77) 41 (84) 2 (4) 6 (12) 20 (71) 6 (21) 2 (7) 0.53 (0.17-1.61) 1.95 (0.37-10.41)

Recognition (n=78) 42 (86) 7 (14) 0 (0) 24 (83) 2 (7) 3 (10)

Selective attention (n=82) 35 (69) 9 (18) 7 (14) 27 (87) 2 (6) 2 (6) 4.01** (1.22-13.22) 3.54 (0.72-17.36)

Attentional control 33 (63) 6 (12) 13 (25) 26 (84) 2 (6) 3 (10) 3.81** (1.26-11.50) 4.15** (1.10-15.66)

Behavioral outcome (n=81)

Total behavioral problems 35 (70) 4 (8) 11 (22) 20 (65) 5 (16) 6 (19)

Internalizing problems 36 (72) 5 (10) 9 (18) 18 (58) 4 (13) 9 (29)

Externalizing problems 35 (70) 4 (8) 11 (22) 25 (81) 2 (6) 4 (13)

Executive functioning 42 (84) 6 (12) 2 (4) 27 (87) 2 (6) 2 (6)

Children with gastrointestinal diseases (n=52) Controls (n=31) OR (95% CI)1 OR (95% CI)2

Normal Borderline Abnormal Normal Borderline Abnormal

Motor outcome (n=82)

Movement-ABC total 16 (31) 14 (27) 21 (41) 17 (55) 6 (19) 8 (26) 2.27* (0.90-5.78) 1.69 (0.62-4.59)

Fine motor skills 20 (39) 16 (31) 15 (29) 21 (68) 7 (23) 3 (10) 3.23** (1.27-8.33) 3.89** (1.02-14.77)

Ball skills 32 (63) 8 (16) 11 (22) 18 (58) 9 (29) 4 (13) 0.61 (0.23-1.57) 1.86 (0.54-6.44)

Coordination 24 (47) 6 (12) 21(41) 22 (71) 4 (13) 5 (16) 2.75** (1.06-7.12) 3.05* (0.99-9.43)

Cognitive outcome

Total intelligence 30 (58) 17 (33) 5 (10) 29 (94) 2 (6) 10.63‡ (2.29-49.35) ||

Verbal intelligence 35 (67) 10 (19) 7 (13) 27 (87) 4 (13) 2.66 (0.77-9.10) ||

Performance intelligence 31 (60) 14 (27) 7 (13) 25 (81) 6 (19) 2.82* (0.99-8.06) ||

Visual perception (n=75) 41 (82) 7 (14) 2 (4) 23 (92) 2 (8) 3.63 (0.75-17.70) ||

Visuomotor integration 39 (75) 6 (12) 7 (13) 28 (90) 3 (10) 3.29* (0.85-12.84) ||

Verbal memory 43 (83) 4 (8) 5 (10) 26 (84) 1 (3) 4 (13)

Delayed recall (n=77) 41 (84) 2 (4) 6 (12) 20 (71) 6 (21) 2 (7) 0.53 (0.17-1.61) 1.95 (0.37-10.41)

Recognition (n=78) 42 (86) 7 (14) 0 (0) 24 (83) 2 (7) 3 (10)

Selective attention (n=82) 35 (69) 9 (18) 7 (14) 27 (87) 2 (6) 2 (6) 4.01** (1.22-13.22) 3.54 (0.72-17.36)

Attentional control 33 (63) 6 (12) 13 (25) 26 (84) 2 (6) 3 (10) 3.81** (1.26-11.50) 4.15** (1.10-15.66)

Behavioral outcome (n=81)

Total behavioral problems 35 (70) 4 (8) 11 (22) 20 (65) 5 (16) 6 (19)

Internalizing problems 36 (72) 5 (10) 9 (18) 18 (58) 4 (13) 9 (29)

Externalizing problems 35 (70) 4 (8) 11 (22) 25 (81) 2 (6) 4 (13)

Executive functioning 42 (84) 6 (12) 2 (4) 27 (87) 2 (6) 2 (6)
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Children with gastrointestinal diseases (n=52) Controls (n=31) OR (95% CI)1 OR (95% CI)2

Normal Borderline Abnormal Normal Borderline Abnormal

Motor outcome (n=82)

Movement-ABC total 16 (31) 14 (27) 21 (41) 17 (55) 6 (19) 8 (26) 2.27* (0.90-5.78) 1.69 (0.62-4.59)

Fine motor skills 20 (39) 16 (31) 15 (29) 21 (68) 7 (23) 3 (10) 3.23** (1.27-8.33) 3.89** (1.02-14.77)

Ball skills 32 (63) 8 (16) 11 (22) 18 (58) 9 (29) 4 (13) 0.61 (0.23-1.57) 1.86 (0.54-6.44)

Coordination 24 (47) 6 (12) 21(41) 22 (71) 4 (13) 5 (16) 2.75** (1.06-7.12) 3.05* (0.99-9.43)

Cognitive outcome

Total intelligence 30 (58) 17 (33) 5 (10) 29 (94) 2 (6) 10.63‡ (2.29-49.35) ||

Verbal intelligence 35 (67) 10 (19) 7 (13) 27 (87) 4 (13) 2.66 (0.77-9.10) ||

Performance intelligence 31 (60) 14 (27) 7 (13) 25 (81) 6 (19) 2.82* (0.99-8.06) ||

Visual perception (n=75) 41 (82) 7 (14) 2 (4) 23 (92) 2 (8) 3.63 (0.75-17.70) ||

Visuomotor integration 39 (75) 6 (12) 7 (13) 28 (90) 3 (10) 3.29* (0.85-12.84) ||

Verbal memory 43 (83) 4 (8) 5 (10) 26 (84) 1 (3) 4 (13)

Delayed recall (n=77) 41 (84) 2 (4) 6 (12) 20 (71) 6 (21) 2 (7) 0.53 (0.17-1.61) 1.95 (0.37-10.41)

Recognition (n=78) 42 (86) 7 (14) 0 (0) 24 (83) 2 (7) 3 (10)

Selective attention (n=82) 35 (69) 9 (18) 7 (14) 27 (87) 2 (6) 2 (6) 4.01** (1.22-13.22) 3.54 (0.72-17.36)

Attentional control 33 (63) 6 (12) 13 (25) 26 (84) 2 (6) 3 (10) 3.81** (1.26-11.50) 4.15** (1.10-15.66)

Behavioral outcome (n=81)

Total behavioral problems 35 (70) 4 (8) 11 (22) 20 (65) 5 (16) 6 (19)

Internalizing problems 36 (72) 5 (10) 9 (18) 18 (58) 4 (13) 9 (29)

Externalizing problems 35 (70) 4 (8) 11 (22) 25 (81) 2 (6) 4 (13)

Executive functioning 42 (84) 6 (12) 2 (4) 27 (87) 2 (6) 2 (6)

Data are given as number (percentage). Normal was defined as >P15, borderline as P5-P15 and 
abnormal <P5, with regard to intelligence, normal was defined as IQ >85, borderline as IQ 70-85 
and abnormal as IQ <70. Data are given as odds ratio (95% confidence interval) derived from logistic 
regression analyses, corrected for severe cerebral pathology. *p<.10, **p<.05, ‡p<.01 
|| Could not be determined due to absence of abnormal controls. Empty fields in OR columns indicate 
that ORs were not calculated due to lack of significance after comparing the mean scores.
1. Odds ratios for borderline and abnormal outcome
2 .Odds ratios for abnormal outcome

Children with gastrointestinal diseases (n=52) Controls (n=31) OR (95% CI)1 OR (95% CI)2

Normal Borderline Abnormal Normal Borderline Abnormal

Motor outcome (n=82)

Movement-ABC total 16 (31) 14 (27) 21 (41) 17 (55) 6 (19) 8 (26) 2.27* (0.90-5.78) 1.69 (0.62-4.59)

Fine motor skills 20 (39) 16 (31) 15 (29) 21 (68) 7 (23) 3 (10) 3.23** (1.27-8.33) 3.89** (1.02-14.77)

Ball skills 32 (63) 8 (16) 11 (22) 18 (58) 9 (29) 4 (13) 0.61 (0.23-1.57) 1.86 (0.54-6.44)

Coordination 24 (47) 6 (12) 21(41) 22 (71) 4 (13) 5 (16) 2.75** (1.06-7.12) 3.05* (0.99-9.43)

Cognitive outcome

Total intelligence 30 (58) 17 (33) 5 (10) 29 (94) 2 (6) 10.63‡ (2.29-49.35) ||

Verbal intelligence 35 (67) 10 (19) 7 (13) 27 (87) 4 (13) 2.66 (0.77-9.10) ||

Performance intelligence 31 (60) 14 (27) 7 (13) 25 (81) 6 (19) 2.82* (0.99-8.06) ||

Visual perception (n=75) 41 (82) 7 (14) 2 (4) 23 (92) 2 (8) 3.63 (0.75-17.70) ||

Visuomotor integration 39 (75) 6 (12) 7 (13) 28 (90) 3 (10) 3.29* (0.85-12.84) ||

Verbal memory 43 (83) 4 (8) 5 (10) 26 (84) 1 (3) 4 (13)

Delayed recall (n=77) 41 (84) 2 (4) 6 (12) 20 (71) 6 (21) 2 (7) 0.53 (0.17-1.61) 1.95 (0.37-10.41)

Recognition (n=78) 42 (86) 7 (14) 0 (0) 24 (83) 2 (7) 3 (10)

Selective attention (n=82) 35 (69) 9 (18) 7 (14) 27 (87) 2 (6) 2 (6) 4.01** (1.22-13.22) 3.54 (0.72-17.36)

Attentional control 33 (63) 6 (12) 13 (25) 26 (84) 2 (6) 3 (10) 3.81** (1.26-11.50) 4.15** (1.10-15.66)

Behavioral outcome (n=81)

Total behavioral problems 35 (70) 4 (8) 11 (22) 20 (65) 5 (16) 6 (19)

Internalizing problems 36 (72) 5 (10) 9 (18) 18 (58) 4 (13) 9 (29)

Externalizing problems 35 (70) 4 (8) 11 (22) 25 (81) 2 (6) 4 (13)

Executive functioning 42 (84) 6 (12) 2 (4) 27 (87) 2 (6) 2 (6)
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TABLE 4  Odds ratios for borderline and abnormal outcome in children

 with medically and surgically treated NEC and SIP, adjusted for severe 

cerebral pathology

MedNEC SurgNEC SIP

OR (95% CI) OR (95% CI) OR (95% CI)

Motor outcome (n=51)

Movement-ABC total 10.32‡ (2.02-52.52)

Fine motor skills 7.88‡ (2.07-29.94)

Ball skills

Coordination 4.19** (1.25-14.09)

Cognitive outcome

Total intelligence 5.27* (0.84-32.99) 16.31‡ (2.92-91.15) 11.86‡ (2.21-63.79)

Verbal intelligence 4.73** (1.13-19.68) 3.64* (0.90-14.67)

Performance intelligence 4.69** (1.27-17.27)

Visual perception (n=50)

Visuomotor integration 6.53** (1.4-30.27)

Verbal memory

Delayed recall

Recognition

Selective attention (n=51) 4.73** (1.13-19.68) 3.94* (0.97-16.03)

Attentional control 3.47* (0.85-14.17) 4.62** (1.20-17.83) 3.47* (0.94-12.85)

Behavioral outcome (n=50)

Total behavioral problems

Internalizing problems 0.277* (0.066-1.16)

Externalizing problems

Executive functioning

Data are given as odds ratio (95% confidence interval) for borderline and abnormal outcome derived 
from logistic regression analyses, corrected for severe cerebral pathology. *p<.10, **p<.05, ‡p<.01
Empty fields indicate results with p>.10.
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Figure 1A Movement-ABC scores in children with gastrointestinal diseases 

compared to controls

Total score Fine motor skills Ball skills Coordination 

*

*
*

The Movement-ABC total score is shown on the left y-axis, scores on the subtests are shown on the 
right y-axis. *Indicates p<.05 in comparison to controls.
  
    MedNEC       SurgNEC       SIP       Controls
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Figure 1B IQs in children with gastrointestinal disease compared to controls
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Discussion

This study showed that at school age 68% of newborn infants with gastrointestinal 

diseases (NEC or SIP) had borderline or abnormal motor outcomes. On average 

their intelligence was 11 IQ points lower than matched control children without 

gastrointestinal diseases. In addition, their attention and visual perception were 

impaired. Visuomotor integration was also affected, albeit to a lesser extent. Behavioral 

problems and executive functions were comparable to the control group. Surgically 

treated children were at highest risk for abnormal outcome at school age when 

compared to the controls. These findings remained present after correction for severe 

cerebral pathology of the children.

We found that at a mean age of 9 years 15% of the children with NEC or SIP had 

developed CP and as many as 40% had abnormal motor skills. These results were 

similar to the findings of previous studies on the neurodevelopmental outcome of 

survivors with NEC at 2 to 3 years of age. These studies reported that around 20% 

of children develop CP and that 31% of children with NEC have an abnormal (<70) 

Psychomotor Developmental Index.4,5

With regard to cognitive outcome we found that the mean IQ of children with NEC or 

SIP was 86, which was considerably lower than that of the control children. Although 

we found that at school age only 10% of the children had an abnormal total IQ (<70), 

43% had IQ scores below 85, which is the approximate cut-off point for being able 

to attend regular education in the Netherlands. Hintz et al. found that at 2 years of 

age children with NEC have a Mental Developmental Index that is 6 points lower than 

controls and that 41% of the children obtain an abnormal score (<70).5 Thus, although 

the percentage of children with abnormal intelligence at school age seems smaller in 

our study, the difference in mean scores with matched control children seems to be 

higher in our population as compared to Hintz’ study. At school age cognition can be 

determined more reliably since behavioral aspects fit the testing situation better and 

test validity is higher. 
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In addition to lower intelligence, we also found poorer selective attention, attentional 

control, visual perception, and visuomotor integration in children with NEC or SIP. 

These specific cognitive deficits, which may only come to light when the children reach 

school age, may hamper school performance even further. A case in point is poor 

attention that may affect learning.

With regards to the incidence of behavioral problems and executive functions the study 

group was comparable to the controls, even though in both groups the incidence of 

behavioral problems was increased compared to the reference population. It is known 

that ~20% of preterm infants develop behavioral problems, which is comparable to our 

findings.17,18 Apparently, the presence of gastrointestinal disease does not increase this 

risk still further. 

It is likely that the neurodevelopmental impairments we found in the survivors with NEC 

or SIP are the result of a combination of factors the infants were subjected to during 

the neonatal period. NEC and associated tissue injury initially leads to an inflammatory 

response. The subsequent release of pro-inflammatory cytokines by the activation 

of microglial cells in the brain, leads to injury to the pre-oligodendrocytes and axons 

in the white matter. These glial cells, which play an important role in myelination of 

the immature brain, are highly vulnerable to damage.19 The increased permeability 

of the blood-brain barrier during inflammation further increases the susceptibility of 

the brain to this inflammatory response.20 Both NEC and SIP can be complicated by 

sepsis, which is associated with an increased risk for overt, but also more subtle and 

diffuse, white matter abnormalities.3,21,22 Furthermore, infants with gastrointestinal 

diseases are at risk for respiratory and circulatory insufficiency which contribute to 

cerebral hypoxemia. Indeed, in this study we found that the children with NEC or SIP 

had been ventilated significantly more frequently and had required more inotropes as 

compared to the controls. Finally, nutritional difficulties and the presence of short bowel 

syndrome after surgery are other factors that could contribute to impaired growth and 

neurodevelopment.23,24

Our second aim was to identify risk factors for adverse outcome in children with 

gastrointestinal diseases. Since infants with SurgNEC had often been severely ill for a 

significant length of time - an illness that was frequently complicated with perforation - 

we hypothesized that their outcome would be worse than infants with SIP and MedNEC. 
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In this light it was striking that we did not find any significant differences in outcome 

at school age within the group of children with gastrointestinal diseases, although we 

did find a 10% higher mortality rate in children with overall NEC compared to SIP. 

Perhaps the pathophysiological mechanisms mainly responsible for worse outcome 

were similar among these children irrespective of mode of treatment and additional 

disease related factors. The size of the study group may also have limited our ability to 

detect significant differences in development between groups. 

When compared to controls, however, we did find that surgically treated children 

(both NEC and SIP) were at higher risk for worse outcome. Previous studies reported 

that two-year-old children with SurgNEC were at higher risk for abnormal motor and 

cognitive outcome than children with MedNEC compared to controls.5,25,26 The few 

studies that compared the outcome of children with SurgNEC to SIP found worse 

outcomes for children with NEC.1,27 In contrast, we found particularly high ORs for 

worse motor outcome in children with SIP. We were puzzled by this finding. One could 

suggest that the slightly higher rate of severe cerebral pathology in the children with 

SIP of our cohort played a role, however, after correction for cerebral pathology our 

results did not change. Perhaps it was a chance finding due to the low number of 

children in the subgroups.

To the best of our knowledge this is the first study that determines the functional outcome 

at school age of children with NEC or SIP. The strength of this study is that we examined 

in great detail a broad range of motor and cognitive skills and behavioral aspects that 

might limit functional abilities at school age. Moreover, we included control children 

that were matched for gender, gestational age, and birth year. A possible limitation is 

that this was a single-center study. Moreover, 1 child could not be assessed as a result 

of being deaf. Outcome of the children with gastrointestinal diseases may thus have 

been slightly worse than we reported.

Our study showed that survivors of either NEC or SIP form a specific high-risk group 

for functional impairments at school age, in the majority in the absence of overt brain 

pathology as can be detected on cranial ultrasonography. Not only their motor outcome, 

but also their cognitive outcome was significantly impaired. Their intelligence, for 

example, was barely better compared to preterm children with severe brain lesions.28,29 

In our opinion, therefore, these children deserve to be followed-up up to school age 
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since it is likely that they are coping with impairments that require intervention. This 

study also touches on the question of the pathophysiological mechanisms responsible 

for these long-term functional impairments. We believe that MRI in the neonatal period 

may help to clarify these pathophysiological mechanisms, and should be part of the 

neurodevelopmental assessment in these children.
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Abstract 

Background

Late-onset sepsis is a relatively common complication particularly of preterm birth that 

affects approximately a quarter of very low birth weight infants.

Aim

We aimed to determine the motor, cognitive, and behavioural outcome at school age of 

preterm children with late-onset sepsis compared to matched controls. 

Study design and subjects

A prospective case-control study that included preterm infants (gestational age<32 

weeks and/or birth weight<1500 grams) admitted to our Neonatal Intensive Care 

Unit in 2000- 2001 with a culture-proven late-onset sepsis, and controls matched for 

gestational age.

Outcome measures

At school age we assessed motor skills, intelligence, visual perception, visuomotor 

integration, verbal memory, attention, executive functioning, and behaviour. 

Results

At 6-9 years, 21 of 32 children with late-onset sepsis (68%) had borderline or abnormal 

motor outcome with most problems in fine motor skills. Their total IQ was 89 compared 

to 98 in controls. In addition, verbal memory and attention were affected compared to 

controls (0.61 standard deviations (SD), 95% confidence interval (CI) 0.04-1.17, p=.033 

and 0.94 SD, 95% CI 0.32-1.62, p=.011, respectively). Multiple episodes of sepsis and 

gram-negative sepsis were risk factors for worse cognitive outcome. 

Conclusions

At school age, a majority of preterm children with late-onset sepsis had motor problems. 

Their IQ was considerably lower than matched controls, and memory and attention 

were specifically impaired. Outcome at school age of preterm children with late-onset 

sepsis was worse than previously thought. 
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Introduction

Late-onset sepsis is still a common complication in preterm infants admitted to 

the neonatal intensive care unit despite a variety of strategies to prevent infection. 

Among very low birth weight infants (<1500 grams), who are highly susceptible 

to infection, around 25% develop one or more episodes of late-onset sepsis.1 

Gram-positive bacteria, particularly coagulase-negative staphylococci (CoNS), are 

the most common pathogens leading to late-onset sepsis.1 Mortality in preterm 

infants with late-onset sepsis is about 20%.1

During the early neonatal period the brain and its white matter are vulnerable to 

inflammation and changes in cerebral blood flow that can follow from late-onset 

sepsis. Previous studies have indeed shown a relation between sepsis and white 

matter abnormalities in preterm infants.2,3 These abnormalities contribute to the 

risk of neurodevelopmental impairments among preterm infants with late-onset 

sepsis. An earlier study reported that approximately 30% of children with neonatal 

sepsis have motor impairments at 2 years of age, while even more children may 

develop cognitive impairments.4 It is unknown whether these impairments are 

persistent throughout school age, and whether specific cognitive deficits that may 

further hamper school performance, are present.5

The first aim of our study was to determine the motor, cognitive, and behavioural 

outcome at school age of children with late-onset sepsis compared to control 

children of similar gestational age. Our second aim was to identify sepsis-related 

risk factors for adverse outcome.
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Methods

Patients

We retrospectively included preterm infants (gestational age <32 weeks and/or 

birth weight <1500 grams) from the Neonatal Intensive Care Unit (NICU) of the 

University Medical Center Groningen, who had been admitted between November 

2000 and December 2001 and were diagnosed with late-onset. Late-onset sepsis 

was defined as a positive blood culture occurring 96 hours or more after birth. We 

also included control infants from our NICU. For every 2 infants with late-onset 

sepsis we selected 1 control infant. These control infants were born in the same 

period and matched for gestational age. We did not include infants, as either cases 

or controls, in whom the diagnosis of late-onset sepsis was suspected, but not 

confirmed by positive blood cultures. Infants with major congenital malformations 

or syndromes were also not included.

During the study period, a total of 249 infants with gestational age <32 weeks and/

or birth weight <1500 grams were admitted to our NICU. After database search, 51 

infants with late-onset sepsis (20%) were included in the study. Of 51 infants with 

late-onset sepsis, 10 (20%) died in the neonatal period. A total of 41 survivors with 

late-onset sepsis remained. Of these, 3 children were excluded since they were 

diagnosed with neurofibromatosis I, Bartter syndrome and Fallot’s tetralogy. Two 

sets of parents could not be traced. We then included 18 control infants born in 

2000 and 2001 from our NICU for follow-up, since we aimed to include 1 control 

for every 2 infants with late-onset sepsis. After inviting the parents and children for 

follow-up, it appeared that 4 sets of parents declined the invitation to participate. 

The final number of included children is thus 32 children with late-onset sepsis 

(78%) and 18 control children.
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Perinatal and neonatal risk factors

We reviewed the medical charts of the patients for neonatal and sepsis-related 

characteristics. We used the Score for Neonatal Acute Physiology Index, second 

version (SNAP-II), to compare newborn illness severity in the late-onset sepsis 

group with the control group. The SNAP-II is validated to predict risk of in-hospital 

morbidity. This physiology-based score uses 6 routinely available vital signs and 

laboratory results from the first 24 hours after birth.6 The higher the total score, the 

more severe the infant’s illness. 

Follow-up

The parents of the eligible patients were asked to bring their children to an extension 

of the routine follow-up program for the research study. It entailed the assessment 

of motor performance, cognition, and behaviour at the age of 6 to 9 years. Parents 

gave their written informed consent to participate in the follow-up program and to 

publication of the results. The total duration of the examination was approximately 

2.5 hours including breaks. Incomplete assessments and test scores obtained 

when a child was too tired or uncooperative, as assessed by the experimenter, 

were excluded. The study was approved by the Medical Ethical Committee of the 

University Medical Center Groningen.

Motor Outcome

On the basis of the reports of the routine follow-up program we determined the 

presence or absence of cerebral palsy (CP) following Bax’ criteria.7 In case of CP, 

gross motor functioning was scored using 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.8 Higher GMFCS levels indicate more functional impairments.

To assess the children’s motor outcome we administered the Movement Assessment 

Battery for Children (Movement ABC), a standardised test of motor skills for children.9 

This test yields a score for total movement performance based on separate subscores 

for manual dexterity (fine motor skills), ball skills, and static and dynamic balance 

(coordination). The higher the score, the poorer the performance.
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Cognitive Outcome

Total, verbal, and performance intelligence were assessed using a short form of 

the Wechsler Intelligence Scale for Children, third edition, Dutch version (WISC-

III-NL).10,11

In addition, we assessed visual perception and visuomotor integration with 

the subtests ‘geometric puzzles’ and ‘design copying’ of the NEPSY-II 

(Neuropsychological Assessment, second edition), a neuropsychological test 

battery for children.12 In geometric puzzles, the child is asked to match two shapes 

outside a grid with shapes on the inside. In design copying, the child is asked to 

reproduce geometric drawings of increasing complexity. Visuomotor integration 

involves the integration of visual information with finger-hand movements. 

We assessed verbal memory using a standardised Dutch version of the Rey’s 

Auditory Verbal Learning Test (AVLT).13 This test consists of five learning trials with 

immediate recall of fifteen words (tested after each presentation) and a delayed 

recall trial followed by a recognition trial.

We measured selective attention and attentional control with the subtests ‘map 

mission’ and ‘opposite worlds’ of the Test of Everyday Attention for Children (TEA-

Ch).14 Selective attention refers to a child’s ability to select target information from 

an array of distracters. Attentional control refers to the ability to shift attention 

flexibly and adaptively. 

To obtain information on attentional functioning in daily life, the parents filled out 

an Attention Deficit Hyperactivity Disorder (ADHD) questionnaire containing 18 

items on inattention, hyperactivity, and impulsivity.15

Finally, the parents filled out the Behaviour Rating Inventory of Executive Function 

(BRIEF) to assess executive functioning involved in well-organised, purposeful, 

goal-directed, and problem-solving behavior.16 Examples of executive functioning 

are the ability to inhibit competing actions towards attractive stimuli, the flexibility 

to shift problem-solving strategies if necessary, and the ability to monitor and 

evaluate one’s own behaviour.
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Behavioural Outcome

To obtain information on the children’s behavioural and/or emotional competencies 

and problems, the parents completed the Child Behaviour Checklist (CBCL).17 The 

CBCL consists of one total scale and two subscales, i.e. internalizing problems 

(withdrawn behaviour, somatic complaints, and anxious and/or depressed scales) 

and externalizing problems (delinquent and aggressive behaviour scales). 

Statistical Analysis

We classified the intelligence quotients (IQs) into ‘normal’ (IQ ≥ 85), ‘borderline’ 

(IQ 70-85) and ‘abnormal’ (IQ<70). We used the percentiles on the standardization 

samples of the Movement ABC and cognitive tests to classify raw scores into ‘normal’ 

(>P15), ‘borderline’ (P5-P15) and ‘abnormal’ (<P5). For the ADHD questionnaire, 

BRIEF and CBCL we used a similar classification following the criteria in the manual. 

Visual inspection of the histograms and quantile-quantile (Q-Q) plots were used to 

determine which outcome measures were normally distributed. We then used the 

Student’s t, Mann-Whitney U, and Chi2 tests where appropriate, to compare the 

outcome measures of the study group with the control group and to relate disease 

characteristics to outcome. We used backward logistic regression analyses to 

calculate the odds ratios (OR) for worse outcome when comparing the children 

with late-onset sepsis to the controls. Patient demographics that were different 

in the sepsis group compared to the controls (p<.10) were entered as potential 

confounders in the logistic regression model. Throughout the analyses p<.05 was 

considered to be statistically significant. SPSS 16.0 software for Windows, (SPSS 

Inc, Chicago, IL) was used for all the analyses. 
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Results

Table 1 shows an overview of the patient demographics of the 32 infants with late-

onset sepsis and the 18 controls. There were no significant or nearly significant 

differences in demographics between the groups, therefore none of these 

characteristics were entered as potential confounders in the logistic regression 

model for the prediction of outcome. 

Eight children (25%) had more than one episode of sepsis. Thirty children had 

a gram-positive blood culture (n=27 coagulase-negative Staphylococci and n=4 

Staphylococcus aureus). Four children had a gram-negative blood culture caused 

by Enterobacter cloacae in 2 infants, by Klebsiella pneumoniae in 1, and by 

Klebsiella oxytoca in 1. Thus two children had both a gram-positive and a gram-

negative blood culture. None of the children had a fungal sepsis.

Motor Outcome

The mean age at follow up was 8.4 years (range 6.8 to 9.1 years). Of 32 children 

with late-onset sepsis, 5 developed CP (16%). Their functional impairments were 

limited to GMFCS level I in 1 child and level II in 2 children. Two children had more 

severe functional impairments with GMFCS level III and IV. In the control group 

none of the children developed CP.

Mean scores on the Movement ABC are shown in Table 2. The two children with 

severe CP could not be assessed by the Movement ABC because the tasks were 

too difficult for them. Children with late-onset sepsis showed significantly worse 

fine motor skills, and a trend towards a worse total Movement ABC score.

Table 3 shows the motor outcome classified into three different groups: normal 

(P>15), borderline (P5- P15) and abnormal (<P15). This is graphically shown in Figure 

1. The two children with severe CP were included in the category ‘abnormal’. 

As it is apparent from Table 3, 68% of the children with late-onset sepsis obtained 

a borderline or an abnormal total score on the Movement ABC, with an OR for 

the borderline and abnormal outcome of 3.30. In accordance with analyses of the 

mean scores, most problems were found in fine motor skills (OR 5.46).
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Cognitive and Behavioural Outcome 

Eight children (25%) with late-onset sepsis required special education compared to 

none of the children in the control group (p=.026). Table 2 shows the mean scores on 

the cognitive and behavioural measures. For two children with late-onset sepsis, the 

neuropsychological tests were too difficult because of very low intellectual development. 

The children with late-onset sepsis had significantly lower total and verbal IQs than 

controls. In addition, verbal memory was worse in children with sepsis than in the controls 

(0.61 SD, 95% confidence interval (CI) 0.04-1.17). This was also the case for attentional 

control (0.94 SD, 95% CI 0.32-1.62, Table 2). The incidence of behavioural problems 

was comparable between the groups. Table 3 shows the cognitive and behavioural 

outcome classified in normal, borderline, and abnormal. The children of whom the 

neuropsychological functions could not be assessed were included in the category 

‘abnormal’. Total IQ was borderline or abnormal in 44% of the children with late-onset 

sepsis compared to 6% in the controls with an OR of 13.22. In addition, we found that of 

the 18 children with normal total IQs, still 9 had problems in attention or memory.

The ORs confirmed the analyses of the mean scores, apart from attentional control for 

which the OR was not significant.

Disease Characteristics in relation to Outcome

Subsequently, we determined whether certain disease characteristics of children 

with late-onset sepsis were related to their outcome at school age. The disease 

characteristics concerned were multiple episodes of sepsis, whether gram-negative or 

gram-positive pathogens caused late-onset sepsis, and the children’s postmenstrual 

age at development of late-onset sepsis. 

Children who had more than one episode of sepsis had significantly lower IQs 

than children with a single episode (79 versus 92, p=.02). They also showed worse 

attentional control (p=.03) and visual perception (p=.02). The mean verbal IQ in children 

with gram-negative pathogens was 16 points lower compared to children who only had 

gram-positive pathogens (77 versus 93, p=.042) and showed a trend towards worse 

total IQ (78 versus 91, p=.085). The scores on attentional control were also lower in 

children with gram-negative pathogens (p=.037). There was no association between 

the postmenstrual age at development of late-onset sepsis and outcome.
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TABLE 1 Patient demographics

Late-onset sepsis 

(n=32)

Controls (n=18) p-value+

Males/females 22/10 9/9 0.16

Gestational age (weeks) 28.9 (25.7-33.4) 28.9 (25.7-33.6) 0.74

Birth weight (grams) 1010 (600-1690) 1122 (640-1455) 0.81

Very Low Birth Weight n=29 (91) n=18 (100) 0.25

IUGR (<P10) n=12 (38) n=5 (28) 0.35

Apgar at 5 minutes 8 (5-10) 9 (1-10) 0.67

SNAP-II score 14 (5-40) 19 (5-31) 0.26

Asphyxia none none #

Ventilatory support (IPPV or HFO) n=29 (91) n=14 (78) 0.20

Inotropics n=5 (16) n= 4 (22) 0.41

Cerebral pathology

Mild GMH-IVH1 n=9 (29) n=4 (22) 0.48

Severe GMH-IVH1 n=1 (3) None 0.66

Cystic PVL None None #

Noncystic PVL3 n=18 (56) n=8 (44) 0.38

Late-onset morbidity

Retinopathy of prematurity2 n=1 (3) None 0.64

Bronchopulmonary dysplasia n=9 (28) n=4 (22) 0.46

Meningitis n=2 (6) none 0.41

Necrotizing enterocolitis n=2 (6) n=2 (11) 0.46

Data are given as median (minimum-maximum) or as numbers (percentage). None of the patient demographics were 
significantly different between the groups. # Could not be determined due to absence of the demographic in both 
groups. + p-values derived from chi2 and Mann-Whitney U tests
1. Mild GMH-IVH was defined as grade I and II, severe GMH-IVH as grade III and periventricular hemorrhagic 
infarction 
2. Retinopathy of prematurity grade III and worse 
3. Defined as periventricular echodensities present for more than 1 week
Abbreviations: IUGR- intrauterine growth restriction; IPPV- intermittent positive pressure ventilation; HFO- high 
frequency oscillation; GMH-IVH- germinal matrix haemorrhage-intraventricular haemorrhage; PVL- periventricular 
leukomalacia
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TABLE 2  Motor, cognitive, and behavioural outcome in preterm born 

children with late-onset sepsis versus controls

Data are given as mean (standard deviation, range). ns; not significant (p>.10)
+ p-values derived from Student’s t and Mann-Whitney U tests, *p<.10, **p<.05
1. Two children with late-onset sepsis had severe functional impairments and could not be tested as a result
2. Raw scores
3.  Intelligence quotients
4. Percentiles
5. T-scores

Late-onset 
sepsis (n=30)1

Controls (n=18) p-value+

Motor outcome (n=47)2

Movement ABC Total 13 (10, 1.5-39) 8 (6, 5-18) .073*

Fine motor skills 6 (4, 0-15) 3 (3, 0-8) .039**

Ball skills 3 (3, 0-10) 3 (3, 0-8.5) ns

Coordination 4 (5, 0-10) 2 (2, 0-6.5) ns

Cognitive outcome (n=48)

Total intelligence3 89 (14, 55-118) 98 (8, 82-110) .012**

Verbal intelligence3 91 (15, 55-128) 102 (14, 81-128) .015**

Performance intelligence3 87 (15, 55-118) 95 (10, 80-113) .060*

Visual perception (n=37)4 57 (25, 0.1-98) 61 (27, 5-95) ns

Visuomotor integration (n=47)4  56 (37, 2-100) 66 (30, 5-100) ns

Verbal memory (n=47)4 32 (26, 0.8-86) 50 (28, 2-88) .033**

Delayed recall (n=46)4 29 (24, 0.1-90) 49 (33, 6-98) .048**

Recognition (n=47)2 29 (1, 27-30) 29 (2, 21-30) ns

Selective attention (n=47)4  33 (27, 0.1-84) 47 (31, 2-98) ns

Attentional control (n=47)4  20 (20, 0.1-63) 45 (33, 1-84) .011**

Behavioural outcome

Total behavioural problems (n=48)5 53 (12, 25-75) 56 (9, 38-71) ns

Internalizing problems (n=48)5 52 (13, 33-78) 57 (11, 39-70) ns

Externalizing problems (n=48)5 49 (11, 33-70) 53 (9, 34-60) ns

ADHD symptoms (n=40)2 15 (14, 0-52) 18 (17, 0-53) ns

Executive functioning (n=46)4 46 (31, 4-95) 50 (22, 3-97) ns
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TABLE 3  Outcome of preterm born children with late-onset sepsis

 classified into normal, borderline, and abnormal versus controls

Children with  
late-onset sepsis (n=32)

Controls (n=18) OR (95% CI)1 OR (95% CI)2

Normal Borderline Abnormal Normal Borderline Abnormal

Motor outcome (n=49)

Movement ABC Total 10 (32) 9 (29) 12 (39) 11 (61) 2 (11) 5 (28) 3.30 (0.98-11.07)* 1.64 (0.47-5.79)

Fine motor skills 10 (32) 10 (32) 11 (36) 13 (72) 3 (17) 2 (11) 5.46 (1.52-19.58)*** 4.40 (0.85-22.77)*

Ball skills 18 (58) 4 (13) 9 (29) 12 (67) 3 (17) 3 (17) 1.44 (0.43-4.85) 2.05 (0.47-8.83)

Coordination 15 (48) 6 (19) 10 (32) 13 (72) 3 (17) 2 (11) 2.77 (0.79-9.67) 3.81 (0.73-19.87)

Cognitive outcome 

Total intelligence (n=50) 18 (56) 9 (28) 5 (16) 17 (94) 1 (6) 13.22 (1.57-111.74)** #

Verbal intelligence 17 (53) 11 (34) 4 (13) 15 (83) 3 (17) 4.41 (1.07-18.27)** #

Performance intelligence 16 (50) 11 (35) 5 (16) 14 (78) 4 (22) 3.50 (0.95-12.97)* #

Visual perception (n=39) 22 (88) 3 (12) 13 (93) 1 (7) 1.77 (0.17-18.86) #

Visuomotor integration (n=49) 21 (68) 5 (16) 5 (16) 16 (89) 1 (6) 1 (6) 3.81 (0.73-19.87) 3.27 (0.35-30.48)

Verbal memory (n=49) 18 (58) 6 (19) 7 (23) 16 (89) 1 (6) 1 (6) 5.78 (1.13-29.61)** 4.96 (0.56-44.10)

Delayed recall (n=48) 19 (63) 4 (13) 7 (23) 13 (72) 5 (28) 1.51 (0.42-5.37) #

Recognition (n=49) 26 (84) 3 (10) 2 (7) 13 (72) 2 (11) 3 (17) 0.50 (0.12-2.04) 0.35 (0.05-2.29)

Selective attention (n=49) 21 (68) 4 (13) 6 (19) 16 (89) 1 (6) 1 (6) 3.81 (0.73-19.87) 4.08 (0.45-37.00)

Attentional control (n=49) 15 (48) 5 (16) 11 (36) 13 (72) 2 (11) 3 (17) 2.77 (0.79-9.67) 2.75 (0.65-11.62)

Behavioural outcome (n=48)

Total behavioural problems 21 (70) 3 (10) 6 (20) 12 (67) 2 (11) 4 (22) 0.86 (0.25-3.00) 0.88 (0.21-3.64)

Internalizing problems 20 (67) 3 (10) 7 (23) 9 (50) 3 (17) 6 (33) 0.50 (0.15-1.63) 0.61 (1.67-2.22)

Externalizing problems 23 (77) 3 (10) 4 (13) 14 (78) 2 (11) 2 (11) 1.07 (0.26-4.31) 1.23 (0.21-7.51)

ADHD symptoms (n=40) 23 (92) 2 (8) 13 (87) 2 (13) # 0.57 (0.07-4.50)

Executive functioning (n=46) 24 (83) 4 (14) 1 (3) 15 (88) 1 (6) 1 (6) 1.56 (0.27-9.10) 0.57 (0.03-9.7)

Children with  
late-onset sepsis (n=32)

Controls (n=18) OR (95% CI)1 OR (95% CI)2

Normal Borderline Abnormal Normal Borderline Abnormal

Motor outcome (n=49)

Movement ABC Total 10 (32) 9 (29) 12 (39) 11 (61) 2 (11) 5 (28) 3.30 (0.98-11.07)* 1.64 (0.47-5.79)

Fine motor skills 10 (32) 10 (32) 11 (36) 13 (72) 3 (17) 2 (11) 5.46 (1.52-19.58)*** 4.40 (0.85-22.77)*

Ball skills 18 (58) 4 (13) 9 (29) 12 (67) 3 (17) 3 (17) 1.44 (0.43-4.85) 2.05 (0.47-8.83)

Coordination 15 (48) 6 (19) 10 (32) 13 (72) 3 (17) 2 (11) 2.77 (0.79-9.67) 3.81 (0.73-19.87)

Cognitive outcome 

Total intelligence (n=50) 18 (56) 9 (28) 5 (16) 17 (94) 1 (6) 13.22 (1.57-111.74)** #

Verbal intelligence 17 (53) 11 (34) 4 (13) 15 (83) 3 (17) 4.41 (1.07-18.27)** #

Performance intelligence 16 (50) 11 (35) 5 (16) 14 (78) 4 (22) 3.50 (0.95-12.97)* #

Visual perception (n=39) 22 (88) 3 (12) 13 (93) 1 (7) 1.77 (0.17-18.86) #

Visuomotor integration (n=49) 21 (68) 5 (16) 5 (16) 16 (89) 1 (6) 1 (6) 3.81 (0.73-19.87) 3.27 (0.35-30.48)

Verbal memory (n=49) 18 (58) 6 (19) 7 (23) 16 (89) 1 (6) 1 (6) 5.78 (1.13-29.61)** 4.96 (0.56-44.10)

Delayed recall (n=48) 19 (63) 4 (13) 7 (23) 13 (72) 5 (28) 1.51 (0.42-5.37) #

Recognition (n=49) 26 (84) 3 (10) 2 (7) 13 (72) 2 (11) 3 (17) 0.50 (0.12-2.04) 0.35 (0.05-2.29)

Selective attention (n=49) 21 (68) 4 (13) 6 (19) 16 (89) 1 (6) 1 (6) 3.81 (0.73-19.87) 4.08 (0.45-37.00)

Attentional control (n=49) 15 (48) 5 (16) 11 (36) 13 (72) 2 (11) 3 (17) 2.77 (0.79-9.67) 2.75 (0.65-11.62)

Behavioural outcome (n=48)

Total behavioural problems 21 (70) 3 (10) 6 (20) 12 (67) 2 (11) 4 (22) 0.86 (0.25-3.00) 0.88 (0.21-3.64)

Internalizing problems 20 (67) 3 (10) 7 (23) 9 (50) 3 (17) 6 (33) 0.50 (0.15-1.63) 0.61 (1.67-2.22)

Externalizing problems 23 (77) 3 (10) 4 (13) 14 (78) 2 (11) 2 (11) 1.07 (0.26-4.31) 1.23 (0.21-7.51)

ADHD symptoms (n=40) 23 (92) 2 (8) 13 (87) 2 (13) # 0.57 (0.07-4.50)

Executive functioning (n=46) 24 (83) 4 (14) 1 (3) 15 (88) 1 (6) 1 (6) 1.56 (0.27-9.10) 0.57 (0.03-9.7)



207Chapter 8   Functional Impairments at School Age of Preterm Born Children with Late-Onset Sepsis

Children with  
late-onset sepsis (n=32)

Controls (n=18) OR (95% CI)1 OR (95% CI)2

Normal Borderline Abnormal Normal Borderline Abnormal

Motor outcome (n=49)

Movement ABC Total 10 (32) 9 (29) 12 (39) 11 (61) 2 (11) 5 (28) 3.30 (0.98-11.07)* 1.64 (0.47-5.79)

Fine motor skills 10 (32) 10 (32) 11 (36) 13 (72) 3 (17) 2 (11) 5.46 (1.52-19.58)*** 4.40 (0.85-22.77)*

Ball skills 18 (58) 4 (13) 9 (29) 12 (67) 3 (17) 3 (17) 1.44 (0.43-4.85) 2.05 (0.47-8.83)

Coordination 15 (48) 6 (19) 10 (32) 13 (72) 3 (17) 2 (11) 2.77 (0.79-9.67) 3.81 (0.73-19.87)

Cognitive outcome 

Total intelligence (n=50) 18 (56) 9 (28) 5 (16) 17 (94) 1 (6) 13.22 (1.57-111.74)** #

Verbal intelligence 17 (53) 11 (34) 4 (13) 15 (83) 3 (17) 4.41 (1.07-18.27)** #

Performance intelligence 16 (50) 11 (35) 5 (16) 14 (78) 4 (22) 3.50 (0.95-12.97)* #

Visual perception (n=39) 22 (88) 3 (12) 13 (93) 1 (7) 1.77 (0.17-18.86) #

Visuomotor integration (n=49) 21 (68) 5 (16) 5 (16) 16 (89) 1 (6) 1 (6) 3.81 (0.73-19.87) 3.27 (0.35-30.48)

Verbal memory (n=49) 18 (58) 6 (19) 7 (23) 16 (89) 1 (6) 1 (6) 5.78 (1.13-29.61)** 4.96 (0.56-44.10)

Delayed recall (n=48) 19 (63) 4 (13) 7 (23) 13 (72) 5 (28) 1.51 (0.42-5.37) #

Recognition (n=49) 26 (84) 3 (10) 2 (7) 13 (72) 2 (11) 3 (17) 0.50 (0.12-2.04) 0.35 (0.05-2.29)

Selective attention (n=49) 21 (68) 4 (13) 6 (19) 16 (89) 1 (6) 1 (6) 3.81 (0.73-19.87) 4.08 (0.45-37.00)

Attentional control (n=49) 15 (48) 5 (16) 11 (36) 13 (72) 2 (11) 3 (17) 2.77 (0.79-9.67) 2.75 (0.65-11.62)

Behavioural outcome (n=48)

Total behavioural problems 21 (70) 3 (10) 6 (20) 12 (67) 2 (11) 4 (22) 0.86 (0.25-3.00) 0.88 (0.21-3.64)

Internalizing problems 20 (67) 3 (10) 7 (23) 9 (50) 3 (17) 6 (33) 0.50 (0.15-1.63) 0.61 (1.67-2.22)

Externalizing problems 23 (77) 3 (10) 4 (13) 14 (78) 2 (11) 2 (11) 1.07 (0.26-4.31) 1.23 (0.21-7.51)

ADHD symptoms (n=40) 23 (92) 2 (8) 13 (87) 2 (13) # 0.57 (0.07-4.50)

Executive functioning (n=46) 24 (83) 4 (14) 1 (3) 15 (88) 1 (6) 1 (6) 1.56 (0.27-9.10) 0.57 (0.03-9.7)

Data are given as number (percentage). Normal was defined as <P15, borderline as P5-P15 and abnormal<P5, with 
regard to intelligence, normal was defined as IQ>85, borderline as IQ 70-85 and abnormal as IQ<70. OR- odds 
ratio; CI- confidence interval, *p<.10, **p<.05, ***p<.01, # Could not be determined due to absence of borderline or 
abnormal controls.
1. ORs for borderline and abnormal outcome 
2. ORs for abnormal outcome

Children with  
late-onset sepsis (n=32)

Controls (n=18) OR (95% CI)1 OR (95% CI)2

Normal Borderline Abnormal Normal Borderline Abnormal

Motor outcome (n=49)

Movement ABC Total 10 (32) 9 (29) 12 (39) 11 (61) 2 (11) 5 (28) 3.30 (0.98-11.07)* 1.64 (0.47-5.79)

Fine motor skills 10 (32) 10 (32) 11 (36) 13 (72) 3 (17) 2 (11) 5.46 (1.52-19.58)*** 4.40 (0.85-22.77)*

Ball skills 18 (58) 4 (13) 9 (29) 12 (67) 3 (17) 3 (17) 1.44 (0.43-4.85) 2.05 (0.47-8.83)

Coordination 15 (48) 6 (19) 10 (32) 13 (72) 3 (17) 2 (11) 2.77 (0.79-9.67) 3.81 (0.73-19.87)

Cognitive outcome 

Total intelligence (n=50) 18 (56) 9 (28) 5 (16) 17 (94) 1 (6) 13.22 (1.57-111.74)** #

Verbal intelligence 17 (53) 11 (34) 4 (13) 15 (83) 3 (17) 4.41 (1.07-18.27)** #

Performance intelligence 16 (50) 11 (35) 5 (16) 14 (78) 4 (22) 3.50 (0.95-12.97)* #

Visual perception (n=39) 22 (88) 3 (12) 13 (93) 1 (7) 1.77 (0.17-18.86) #

Visuomotor integration (n=49) 21 (68) 5 (16) 5 (16) 16 (89) 1 (6) 1 (6) 3.81 (0.73-19.87) 3.27 (0.35-30.48)

Verbal memory (n=49) 18 (58) 6 (19) 7 (23) 16 (89) 1 (6) 1 (6) 5.78 (1.13-29.61)** 4.96 (0.56-44.10)

Delayed recall (n=48) 19 (63) 4 (13) 7 (23) 13 (72) 5 (28) 1.51 (0.42-5.37) #

Recognition (n=49) 26 (84) 3 (10) 2 (7) 13 (72) 2 (11) 3 (17) 0.50 (0.12-2.04) 0.35 (0.05-2.29)

Selective attention (n=49) 21 (68) 4 (13) 6 (19) 16 (89) 1 (6) 1 (6) 3.81 (0.73-19.87) 4.08 (0.45-37.00)

Attentional control (n=49) 15 (48) 5 (16) 11 (36) 13 (72) 2 (11) 3 (17) 2.77 (0.79-9.67) 2.75 (0.65-11.62)

Behavioural outcome (n=48)

Total behavioural problems 21 (70) 3 (10) 6 (20) 12 (67) 2 (11) 4 (22) 0.86 (0.25-3.00) 0.88 (0.21-3.64)

Internalizing problems 20 (67) 3 (10) 7 (23) 9 (50) 3 (17) 6 (33) 0.50 (0.15-1.63) 0.61 (1.67-2.22)

Externalizing problems 23 (77) 3 (10) 4 (13) 14 (78) 2 (11) 2 (11) 1.07 (0.26-4.31) 1.23 (0.21-7.51)

ADHD symptoms (n=40) 23 (92) 2 (8) 13 (87) 2 (13) # 0.57 (0.07-4.50)

Executive functioning (n=46) 24 (83) 4 (14) 1 (3) 15 (88) 1 (6) 1 (6) 1.56 (0.27-9.10) 0.57 (0.03-9.7)
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LOS- late-onset sepsis. *p<.10, **p<.05
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Figure 1 Motor outcome according to the Movement ABC in preterm born 

children with late-onset sepsis compared to controls
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Discussion

This study demonstrated that motor outcome at school age of a majority 

of preterm infants who survived late-onset sepsis was either borderline or 

abnormal. On average, their intelligence was 9 points lower than matched control 

children without late-onset sepsis. In addition, attention and verbal memory 

were specifically impaired, while visual perception, visuomotor integration, and 

executive functioning were not affected. The incidence of behavioural problems 

was comparable between the groups. Within the group of children with late-onset 

sepsis, more than one episode of sepsis and sepsis caused by gram-negative 

bacteria were risk factors for worse outcome.

Late-onset sepsis remains a significant neonatal complication that affects up to 

16,000 VLBW infants annually in the United States alone.1,18 To the best of our 

knowledge this is the first study that established the functional outcome at school 

age of children with late-onset sepsis. Our study showed that at a mean of 8.4 

years of age, 39% of children with late-onset sepsis had abnormal Movement 

ABC scores. This is higher than the previous findings of Stoll et al. in a large cohort 

study (n=6314) on early outcome in extremely low birth weight infants (<1000g) 

with either early or late-onset sepsis. They found that at 2 years of age, 27% of 

children with sepsis had an abnormal (<70) Psychomotor Developmental Index 

score of the Bayley Scales of Infant Development.4

Regarding cognition, we found that the IQs of our study group were considerably 

lower than in the controls. Moreover, at school age 44% had IQ scores below 85, 

which is an approximate cut-off point for being able to attend regular education 

in the Netherlands. In the controls this was only 6%. Stoll et al. found that 37% 

of children with sepsis had an abnormal (<70) Mental Developmental Index (MDI) 

score of the Bayley Scales of Infant Development at 2 years of age, compared to 

22% in the controls.4

Our study included infants of <32 weeks of gestational age and late-onset sepsis, 

while the study by Stoll et al. included only extremely low birth weight infants of 

lower gestational ages than our study. It thus appears that the motor and cognitive 

impairments as found in preterm infants with late-onset sepsis at school age 

are worse than previously reported. At school age, outcome can be determined 
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more reliably due to higher test validity and behaviour of the children that fits the 

testing situation better. Moreover, at school age more subtle cognitive deficits may 

come to light since school is more demanding which could make compensation 

strategies more difficult to use.

In addition to lower intelligence, we also found poorer attentional control and 

verbal memory. These specific cognitive deficits, which have not been identified 

previously, can further hamper school performance. Poor attention and verbal 

memory, for example, may both affect learning. One could speculate that these 

impairments are attributable to lower IQs, especially verbal IQ, which may have had 

an influence on verbal memory. We also found children with normal IQs, however, 

who had problems with attention and verbal memory. It thus appears that sepsis-

induced brain disruptions in particular have a negative impact on the development 

of networks in the brain involved in these functions.

It is likely that the functional impairments as found in our study are the result of a 

multifactorial process leading to brain injury in which inflammatory mediators play 

an essential role. The preterm brain and its white matter are highly vulnerable to 

damage by inflammation and ischemia.19 During infectious episodes, the brain 

is exposed to pro-inflammatory cytokines released by microglial cells. These 

cytokines inhibit proliferation of neuronal precursor cells and contribute to damage 

to the pre-oligodendrocytes, which play an important role in myelination of the 

brain.20,21 Ischemia of brain areas can result from hypotension which is associated 

with sepsis. Recently, it was postulated that the presence of systemic cytokines 

may be related to a disturbance in cerebrovascular autoregulation and diminished 

cerebral blood flow.21,22 In addition to the role of pro-inflammatory cytokines, 

the injurious effects of microglial activation also relate to the release of reactive 

oxygen and nitrogen species in infants with sepsis.23 Finally, sepsis and the 

subsequent increase in cytokines are related to the development of germinal matrix 

haemorrhage-intraventricular haemorrhage (GMH-IVH), particularly in infants with 

early-onset sepsis.24 In our series GMH-IVH was already present before the late-

onset sepsis occurred. However the slight increased number of GMH-IVH among 

infants with late-onset sepsis versus controls, although not significant, may have 

worsened neurodevelopmental outcome. It has been postulated that brain injury 
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in the setting of systemic inflammation not only leads to destruction of tissue but 

may also lead to altered brain development, even though the exact mechanisms 

have yet to be uncovered.20

Our secondary aim was to identify sepsis-related risk factors for adverse outcome. 

In our study, multiple episodes of sepsis were related to worse cognitive outcome. 

Progressive white matter injury which follows from recurrent infection may be 

responsible for this finding.25 Additionally, a gram-negative sepsis was related to 

worse cognitive outcome even though it was found only in four children. Previous 

studies already showed that infants with a gram-negative sepsis are often more 

severely ill, have a higher mortality rate, and may have a different immune response 

than infants with gram-positive infections.26,27

A limitation of this study was the relatively small study and control group. Since this 

was a single centre study, generalizability to other centres needs to be established. 

Moreover, not all the tests were completed by all the children due to unwillingness 

to cooperate because the tasks were too difficult. This was particularly the case in 

the sepsis group. Outcome in the sepsis group may thus have been even slightly 

worse than we reported. We included fewer control children than children with 

late-onset sepsis in the study since we were particularly interested in the outcome 

of children with late-onset sepsis and therefore used standardised tests. We 

included the control children to take into account the degree of prematurity. We 

aimed at including control children that were as similar as possible in neonatal 

characteristics compared to the study group, which is also apparent from the 

clinical characteristics and SNAP scores of the children, to rule out the potential 

role of other risk factors for adverse outcome. The strengths of this study are 

that we examined in great detail a broad range of motor and cognitive skills and 

behavioural aspects that might limit functional abilities at school age compared to 

matched control children.

The functional impairments at school age as identified in the present study were 

worse than one would expect based on previous outcome studies at 2 years of 

age. We believe that in children with late-onset sepsis the focus of attention should 

be on early identification of children at risk for functional impairments so as not 

to miss opportunities for intervention. In addition, preventive measures beyond 
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antibiotics should be considered to prevent brain pathology. Previous quality 

improvement studies showed that it may be possible to reduce infection rates 

and to improve the outcome of neonatal care by implementation of preventive 

measures.28,29 More research is needed to determine the exact pathophysiological 

mechanisms responsible for the neurodevelopmental impairments in children 

with late-onset sepsis. In particular, the question why certain children do and 

others do not exhibit significant functional impairments at school age. Differences 

in neuroprotective capacities of the brain, but also differences in environmental 

aspects during childhood, may play a role. 
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Functional Development at School Age of Newborn Infants at Risk

Abstract

Objective 

To determine motor and cognitive outcome at school age in children with surgically 

treated intestinal obstructions as newborns, and to identify clinical risk factors for 

adverse outcome.

Study design

Cohort study of infants born during 1995-2002 with atresia, stenosis, or intestinal 

malrotation. At 6 to13 years we assessed their motor functioning, intelligence, attention, 

visual perception, visuomotor integration, and verbal memory. 

Results

Of 44 children three (7%) died. Twenty-seven survivors (66%) were included for follow-

up (median gestational age 36.7 weeks, birth weight 3000 g). Motor outcome was 

abnormal (<5th percentile) in 22% of the children. This was worse than the reference 

population (p<.01). Scores on selective attention were abnormal in 15% of the children 

(p<.01). Other cognitive functions were not affected. Lower birth weight and intestinal 

perforation were risk factors for poorer motor outcome (r2=53.0) while intrauterine growth 

restriction was a risk factor for poorer selective attention (r2=36.6).

Conclusions 

Children treated surgically for intestinal obstructions in the neonatal period had an 

increased risk for poor motor functioning and selective attention at school age. Low 

birth weight, IUGR, and intestinal perforation were risk factors for adverse outcomes. We 

recommend to closely follow the motor and attentional development of these children.
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Introduction

An intestinal obstruction is a gastrointestinal complication that leads to impaired 

bowel passage. It occurs in approximately 9 out of every 10,000 newborn infants.1,2 

It can be caused by congenital malformations of the intestine such as an intestinal 

atresia or stenosis, or by a malrotation of the intestine. Infants who present with 

such an obstruction often require surgery in the neonatal period to uplift the 

obstruction, promote normal bowel function and allow oral feeding. 

In this early period of life, infants with obstructions are submitted to several 

potentially harmful factors, like physiological stress during surgery, that may lead 

to adverse neurodevelopmental outcome.3 Furthermore, they undergo general 

anesthesia at a very young age. Studies in rodents showed that the use of 

anesthetics during the cerebral growth spurt has an adverse influence on long-

term neurological development.4,5 

Although these factors are recognized risk factors for adverse neurodevelopmental 

outcome, the motor and cognitive outcome at school age of newborn infants with 

surgically treated intestinal obstructions is unknown. Our main aim was, therefore, 

to determine the outcome of such infants by assessing their motor and cognitive 

performance at school age. Motor and cognitive outcomes measured at school age 

are known to be more robust and predictive for later life than outcomes measured 

at pre-school age. Our secondary aim was to explore which clinical factors were 

associated with adverse outcome. 
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Methods

Patients

We selected all infants who had been admitted to the NICU of the University Medical 

Center Groningen between 1995 and 2002, and who were diagnosed by laparotomy 

and found to have duodenal, jejunal, ileal, or colon atresia or ileal stenosis, or 

malrotation of the intestine. We excluded patients with major chromosomal and 

congenital anomalies other than single atresias or stenoses. 

Follow-up

The children were invited prospectively to participate in this follow-up study which 

was an extension of the regular follow-up program. It entailed the assessment of 

motor performance and cognition at the age of 6 to 13 years. Parents gave their 

informed consent for their children to participate in the follow-up program. The 

study was approved by the Medical Ethical Committee of the University Medical 

Center Groningen.

Motor Outcome

To determine the children’s motor outcome, we administered the Movement 

Assessment Battery for Children (Movement ABC), a standardized test of motor 

skills for children aged 4 to 12 years.6 This test yields a score for total movement 

performance based on subscales for fine motor skills, ball skills, and balance. The 

tasks composing the Movement ABC are representative of the motor skills that 

are required of children attending elementary school in the Netherlands and are 

adapted to the individual child’s age.

Cognitive Outcome

We assessed total, verbal, and performance intelligence using a shortened version 

of the Wechsler Intelligence Scale for Children, third edition, Dutch version (WISC-

III-NL).7,8

In addition, we assessed several neuropsychological functions. To assess attention 

we administered two subtests of the Test of Everyday Attention for Children (TEA-

Ch).9 For selective attention we used the subtest “map mission”. Selective attention 
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refers to a child’s ability to select target information from an array of distracters. We 

measured attentional control with the subtest “opposite worlds”. Attentional control 

refers to the child’s ability to change attentional focus flexibly and adaptively. 

We assessed visual perception with the subtest “geometric puzzles” and visuomotor 

integration with the subtest “design copying” of the NEPSY-II.10 Visual perception 

refers to the child’s ability to perform mental rotations and visuospatial analyses. 

Visuomotor integration involves integrating visual information with finger-hand 

movements.

We assessed verbal memory with a standardized Dutch version of Rey’s Auditory 

Verbal Learning Test (AVLT).11 This test consists of five learning trials of fifteen words 

each, followed by an immediate recall trial, a delayed recall trial, and a delayed 

recognition trial, both after a delay of approximately 20 minutes.

Statistical Analysis

We classified the scores of the Movement ABC, TEA-Ch, and NEPSY-II into 

normal (≥ 15th percentile), borderline (5th to 15th percentile), and abnormal (< 5th 

percentile), in accordance with the manual based on a Dutch reference population. 

To classify the scores of the WISC-III-NL and AVLT we used the norm scores, 

means, and standard deviations of the reference population. Normal was defined 

as ≥ -1 standard deviation (SD), borderline as -1 to -2 SDs, abnormal as < -2 SDs. 

In addition, we calculated the z scores based on the norm scores and percentiles 

given in the test manuals.

In order to compare the outcome of the study group with the norm scores of the 

reference population, we used the one-sample Student t test in case of normality 

and the Wilcoxon signed rank test in case of non-normality. 

To determine whether clinical characteristics were related to adverse outcome, we 

calculated odds ratios (ORs) by univariate logistic regression. Adverse outcome was 

defined as an abnormal score (< 5th percentile). We subsequently used backward 

multivariate logistic regression to determine which risk factors detected by the 

univariate analysis (p<.10) had independent prognostic value for outcome.

Throughout the analyses, p<.05 was considered statistically significant. We used 

SPSS 16.0 software for Windows (SPSS Inc, Chicago, IL) for all the analyses.
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Results

Patient characteristics

A database search resulted in 44 children who met our inclusion criteria, three (7%) 

of whom died in the neonatal period. Twenty-seven (66%) out of the 41 survivors 

were included in the follow-up study. The parents of seven children declined the 

invitation to participate and seven other children could not be traced. Table 1 

shows the patient demographics of the infants who were included in the follow-up. 

Two infants were born preterm (<32 weeks) and had an extremely low birth weight 

(<1000 g). The gestational age of the surviving infants who did not participate in 

this study, was comparable to that of the study group (median 37.4 weeks, range 

30.7-42.1). The birth weight of the survivors who did not participate was slightly 

lower (median 2298 g, range 1120-3700) compared to the median of 3000 g in the 

study group. The number of infants with intrauterine growth restriction (IUGR) was 

comparable (n=3, 21%). 

The most common type of obstruction was atresia (n=16). One child had an ileal 

stenosis. In eight infants the obstruction was caused by a malrotation, in four of 

whom the malrotation was complicated by a volvulus, while two infants suffered 

from a volvulus without a malrotation. The median age at surgery was 3 days (range 

1-22). Six infants required at least one more operation under general anesthesia 

during their first year, while four required more than one subsequent operation 

(median 2).

Follow-up

The mean age at follow-up was 9.5 years (6.6 – 13.2). The total score on the 

Movement ABC, expressed as a z score, was significantly lower than the reference 

population (p<.01; Figure 1). All motor domains were affected, with most problems 

encountered on the balance test on which 33% of the children obtained abnormal 

scores (Figure 2A).

We present the cognitive outcomes of the children in Figure 1 (z scores). Their 

mean total IQ was 99 (range 63-120), their mean verbal IQ was 102 (range 65-123), 

and their mean performance IQ was 96 (range 55-123). These scores did not differ 

significantly from those of the reference population. 
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Regarding the other cognitive functions, only selective attention was worse in the 

children with surgically treated obstructions compared to the reference population 

(p<.01). Thirty percent of the children with intestinal obstructions had borderline 

or abnormal scores on selective attention (Figure 2B). The scores on attentional 

control, visuomotor integration, and verbal memory did not differ from the reference 

population. The scores on visual perception were slightly better than the reference 

population (p<.01; Figure 1). We were unable to test the visual perception of two 

children because the test proved too difficult for them. In Figure 2B they are 

classified as abnormal.

Clinical Factors in relation to Outcome

Subsequently, we investigated whether clinical characteristics of the neonatal 

period were related to abnormal outcomes at school age. We entered the following 

clinical characteristics in a univariate logistic analysis: gestational age, birth 

weight, IUGR, presence of volvulus, presence of perforation, intestinal resection, 

and late onset sepsis. In Table 2 we present the factors that were significantly 

related to worse outcome after univariate analysis. After multivariate analyses, only 

perforation and birth weight were related to abnormal total motor functioning. The 

model including these variables explained 53.0% of the variance (r2). For selective 

attention, IUGR remained in the model with a proportion of declared variance (r2) 

of 36.6%.

To determine whether these poorer outcomes at school age were solely determined 

by prematurity and perforation (motor outcome), and IUGR (attentional outcome), 

we repeated the analyses after excluding the children with these risk factors. This 

had no effect on any of the results.
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TABLE 1 Patient demographics 

Number       n=27
Males/females      13/14 
Gestational age (weeks)     36.7 (28.9-42.0)

Birth weight (grams)     3000 (710-5065)

IUGR (<P10)      n=6 (22)

Asphyxia      n=1 (4)

Apgar at 1 minute (n=21)    8 (2-10)

Apgar at 5 minutes (n=21)    9 (3-10)   
Late onset morbidity

Late onset sepsis     n=7 (26) 

Bronchopulmonary dysplasia1    n=1 (4)

Characteristics of intestinal obstruction
Atresia      n=16 (59)

Duodenal atresia     n=3 (11)

Jejunal atresia     n=4 (15)

Ileal atresia      n=6 (22)

Colonal atresia     n=3 (11)

Ileal stenosis      n=1 (4)

Malrotation without volvulus    n=4 (15)

Malrotation plus volvulus    n=4 (15)

Isolated volvulus     n=2 (22)

Complications
Perforation      n=5 (19)

Short bowel syndrome      n=1 (4)   
Surgical characteristics 

Intestinal resection     n=16 (59)

Jejunal resection     n=5 (19)

Ileal resection     n=5 (19)

Colonal resection     n=1 (4)

Jejunal plus ileal resection excluding ileocoecal valve n=1 (4)

Ileal plus colonal resection including ileocoecal valve n=4 (15)

Length of resected intestine    13.5 (1-50)

Data are given as median (minimum-maximum) or as numbers (percentage). 
1. Bronchopulmonary dysplasia was defined as oxygen dependence beyond 36 weeks postmenstrual age
Abbreviation: IUGR - intrauterine growth restriction
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TABLE 2 Clinical factors in relation to outcome

Movement-ABC

Univariate Multivariate

p-value p-value OR 95 % CI

Gestational age1 0.039

Birth weight2 0.024 0.068 1.20 0.99 - 1.47

IUGR3 0.081

Late onset sepsis4 0.020

Perforation5 0.041 0.11 17.51 0.53 – 579.52

Selective attention

Univariate Multivariate

p-value p-value OR 95 % CI

IUGR3 0.022 0.022 20 1.53 – 260.79

Late onset sepsis4 0.038

1. Gestational age in weeks
2. Birth weight in 100 g
3. IUGR yes or no
4. Late onset sepsis yes or no
5. Perforation yes or no

Abbreviation: IUGR - intrauterine growthrestriction
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Motor and cognitive outcomes (x-axis), expressed as z-scores (y-axis).
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Figure 2A  Motor outcome of children with surgically treated intestinal 

obstructions

Figure 2B  Cognitive outcome of children with surgically treated 

intestinal obstructions

Data are expressed as number of children with normal, borderline, and abnormal scores.
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Discussion

This study showed that at school age more than twenty percent of children with 

surgically treated intestinal obstructions in the neonatal period showed abnormal 

motor functioning and fifteen percent showed abnormal selective attention. The 

scores obtained by our study group on these functions were significantly lower 

than those of the reference population. Outcomes were not affected on intelligence, 

visual perception, visuomotor integration, and verbal memory. Low birth weight, 

IUGR, and the presence of an intestinal perforation were risk factors for adverse 

outcomes in infants with an intestinal obstruction that was treated surgically.

Since to our knowledge ours was the first study to determine the motor and 

cognitive outcome at school age of mainly term-born children treated surgically 

for intestinal obstructions in the neonatal period we are unable to compare our 

results to other outcome studies. Most studies deal with preterm born children 

who require surgery during the first weeks after birth. This makes it difficult to 

review our results in the light of existing literature. 

A previous study on the outcome of preterm infants with necrotizing enterocolitis 

(NEC) found that surgically treated children had poorer neurodevelopmental 

outcomes at 18 to 22 months than medically managed children.12 Partly, this could 

be explained by a higher baseline risk for adverse outcome in the surgical group, 

since these children were more severely ill. Nevertheless, this higher baseline risk 

did not completely explain the variance. Possibly other factors associated with 

surgical treatment like physiological stress and anesthesia, also played a role.

A study in term-born children with surgically treated congenital heart diseases 

in the neonatal period showed that these children too were at risk for  

adverse neurodevelopmental outcome at school age.13 This group showed lower 

intelligence and fine motor skills as well as more specific neuropsychological 

deficits in memory and attention. In our study group we found that motor function 

and attention were also affected. Although both study groups required surgery for 

a congenital anomaly in the neonatal period, the children with congenital heart 

disease presumably had periods of reduced cerebral blood flow and oxygenation, 

which may have further increased their risk for neurodevelopmental impairments. 

This was not the case in our group.
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In our study, low birth weight, IUGR, and intestinal perforation were related to poorer 

outcome at school age. Low birth weight and IUGR are well-known risk factors 

for neurodevelopmental impairments up to school age.14,15 In preterm infants, 

perforation as a complication of the intestinal disease NEC was also a risk factor 

for adverse outcome at school age.16 Perforation is frequently associated with 

inflammation and infection. Particularly in preterm infants, systemic inflammation 

is associated with cerebral white matter abnormalities.17,18 Brain development of 

term-born infants is in a much more mature phase in terms of neuronal migration 

and cortical folding than that of preterms. Nevertheless, to a large extent 

myelination and dendritic and axonal arborization still have to take place.19,20 Our 

finding that poorer motor and attentional outcomes were still present after we had 

excluded children with the above mentioned risk factors, led us to believe that 

additional, presumably surgery and disease-related factors, had also played a role 

in our study. These included, for example, physiological stress during surgery, and 

anesthesia. Rodent studies showed that the use of anesthesia during the cerebral 

growth spurt can lead to neuroapoptosis and has an adverse influence on long-

term behavioral development.4,5 It may well be that maturational processes which 

normally occur from birth until years postnatally, are also susceptible to injury from 

anesthetic factors. Furthermore, infants with intestinal obstructions receive parenteral 

nutrition for a considerable period of time, and approximately twelve percent of the 

infants with surgically treated intestinal atresia suffer from short bowel syndrome, a 

condition which subjects them to ongoing nutritional problems.2 Parenteral nutrition 

and prolonged nutritional deficiencies are described as having an adverse influence 

on cognition and learning at pre-school age.21 Although parenteral nutrition might 

have played a role, ongoing nutritional deficiencies most likely did not, since in our 

study only one child suffered from short bowel syndrome.

Our study was subject to potential limitations. It was a single-center study therefore 

its generalizability to other centers needs to be established. We tried to minimize 

this problem by using standardized tests. Another potential limitation was that 

we compared the outcomes of our study group to a reference population rather 

than to a control group. Despite this we did not expect an overestimation of the 

differences between our study group and reference scores, since these reference 



Functional Development at School Age of Newborn Infants at Risk

scores were obtained within the last ten years. Potentially, an underestimation of 

the described effect of intestinal obstructions and surgery on outcome is more 

likely since cognitive outcomes from the reference population may only have 

increased over time, the so-called Flynn effect.22 

To our knowledge, ours was the first study to investigate the motor and cognitive 

outcome at school age of children who had been treated surgically for intestinal 

obstructions during the first weeks of life. The strength of this study was that we 

examined a broad range of motor and cognitive functions at school age. Motor 

and cognitive outcomes measured at school age are known to be more robust 

and predictive for later life than when measured at pre-school age. Since intestinal 

obstructions are associated with few neonatal comorbidities, we believe that the 

adverse motor and attentional outcomes at school age as found in the present 

study could be ascribed mainly to the intestinal obstruction and its surgical 

treatment. Since a significant proportion of children with intestinal obstructions 

showed motor and attentional problems at school age, we recommend that these 

children be followed-up and screened for motor and attentional deficits. Future 

studies on larger cohorts of children who underwent surgical treatment in the 

neonatal period could reveal perioperative factors which contribute to adverse 

outcome at school age.
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Functional Development at School Age of Newborn Infants at Risk

Abstract

Objective

To determine the stability of the scores obtained on tests of motor development 

from birth until school age in healthy, full-term, singletons and to determine whether 

early motor scores were associated with more complex cognitive functions such 

as attention and memory, at school age.

Patients and Methods

This longitudinal prospective cohort study included 77 infants. During the neonatal 

period their motor development was determined with Prechtl’s neurological 

examination, in early infancy with Touwen’s neurological examination and general 

movement assessment, at toddler age with Hempel’s neurological examination 

and the psychomotor developmental index from the Bayley Scales of Infant 

Development, Second Edition, Dutch Version (BSID-II-NL), and at school age with 

the Movement ABC. Cognition was determined at toddler age with the mental 

developmental index from the BSID-II-NL and at school age with an intelligence 

test and attention and memory tests.

Results

The mean absolute difference in standardized motor scores over all time points 

was 1.01 SD (95% confidence interval: 0.91-1.11). Only the explained proportions 

of variance of maternal socioeconomic status (SES) and verbal intelligence were 

significant for sustained attention and verbal memory (r2=0.104, p=.030 and 

r2=0.074, p=.027, respectively). The children’s scores on early motor tests added 

little value for their motor and cognitive development at school age.

Conclusions

In healthy children the stability of motor development from birth until school age is 

low. Maternal SES and verbal intelligence rather than the infants’ scores on early 

motor tests signified added value for complex cognitive functions at school age.
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Introduction

Over the past decades there has been a growing interest in the prediction of outcome 

from early infancy to performance at school age, particularly in infants at high risk 

of developmental deficits. Gestational age, for example, is a strong predictor of 

later motor and cognitive deficits.1,2 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. In other words, children with early developmental delays, 

such as motor impairments, have relatively stable developmental trajectories until 

school age. This indicates that early alterations in brain development have an 

important impact on the integrity and maturation of the central nervous system 

during childhood.

Less is known about the stability of developmental trajectories in healthy, term-

born children. Previous studies suggested that in a norm population the age of 

reaching developmental milestones predicts development later in life.3-5 Others 

questioned whether a child’s developmental trajectory can be readily predicted 

since it is influenced by a number of biological and environmental factors, such 

as socio-economic status (SES), as well as medical, social, and developmental 

interventions.6-8

To gain insight into the developmental trajectories of healthy children, our first aim 

was to determine the stability of scores on motor development tests from birth 

until school age in healthy, full-term, singletons. 

There is growing evidence that early motor impairment may be related to later 

cognitive problems. Therefore our second aim was to determine whether the 

scores on tests of motor development in a normal population were associated 

with performance at school age, particularly complex cognitive functions such as 

attention and verbal memory.
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Patients and Methods

Participants

The cohort of this study consisted of 90, white, healthy, and randomly selected 

pregnant women who met the following inclusion criteria: giving birth to a healthy, 

full-term, singleton infant, and who lived in one of the three northern provinces of 

the Netherlands. All women registered with midwifes and gynecologists between 

October 2001 and November 2002 in the province of Groningen were invited to 

participate in the study. This cohort was originally established for a study on the 

influence of prenatal exposure to environmental compounds on the development 

of healthy children.9

Follow-up

The children were invited prospectively to participate in an extensive longitudinal 

follow-up program. It entailed the assessment of motor performance and cognition 

from birth until school age at five to seven years. Prior to the study parents gave 

their informed consent for themselves and their children to participate in the 

follow-up program. The study was approved by the Medical Ethical Committee of 

the University Medical Center Groningen.

Neonatal Period

When the infants were ten days old we administered Prechtl’s neonatal neurological 

examination.10 It contains sixty items for which an optimal range is defined. For 

example, this test assesses excitability (e.g. apathy), motility, tonus (e.g. hypotonia, 

dystonia), asymmetries, and visuomotor integration. We noted the presence of 

possible neonatal neurological abnormalities and made a clinical interpretation of 

the infant’s neurological condition. This led to the infant being classified as normal, 

suspect, or abnormal. We also gave each infant a total neurological optimality 

score (Prechtl’s optimality score, range 0-60).

Early Infancy

When the infants reached the age of twelve weeks, we performed Touwen’s 

neurological examination to evaluate the infants’ neurological condition.11 This test 
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assesses neurological items similar to the neonatal neurological examination in an 

age-specific context. Again, we obtained a total neurological optimality score for 

each infant (Touwen’s optimality score, range 0-60) and classified the infants as 

being normal, suspect, or abnormal.

At this age we also assessed the infants’ quality of spontaneous general movements 

according to Prechtl et al.12-14 This is the age at which fidgety movements emerge; 

movements characterized by small amplitude, moderate speed, and variable 

acceleration. We assessed the quality of fidgety movements and scored them 

as normal, abnormal (i.e. amplitude, speed, and jerkiness were exaggerated) or 

absent. In addition, we calculated the infants’ motor optimality score (range 5-28 

points) by assessing the quality of their fidgety movements, the quality and age-

adequacy of their concurrent motor repertoire, and the presence and normality of 

their motor patterns.14,15

Toddler Age

When the children reached the age of eighteen months, we assessed their motor 

and cognitive development with the Bayley Scales of Infant Development, Second 

Edition, Dutch Version (BSID-II-NL).16 The BSID-II-NL contains items on the mental 

and psychomotor development of children, and generates a mental developmental 

index (MDI) and psychomotor developmental index (PDI). Furthermore, we 

administered Hempel’s age-specific neurological examination to evaluate the 

children’s neurological condition. This neurological examination contains items 

on posture, coordination of trunk and extremities, gross and fine motor function, 

visuomotor integration and sensory function.17 For each infant we obtained a total 

neurological optimality score (Hempel’s optimality score, range 0-57) and we 

classified them as normal, suspect, or abnormal. 

During this period we measured the mothers’ verbal intelligence with the Wechsler 

Adult Intelligence Scale (WAIS).18

School Age

When the children reached the age of five to seven years, we assessed their 

motor and cognitive development. We determined their motor outcome with the 
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Movement ABC, a standardized test of motor skills for children aged four to twelve 

years.19 This test, which is widely used in both practice and research, yields a score 

on total movement performance based on separate scores for manual dexterity 

(fine motor skills), ball skills, and static and dynamic balance (coordination). For 

example, items on the Movement ABC include posting coins in a bank box, drawing 

a line in between two existing lines on a figure, catching a bean bag, and jumping 

over a rope. The tasks on the Movement ABC are representative of the motor skills 

that are required of children attending elementary school and are adapted to the 

children’s ages.

The children’s cognitive development was assessed by a shortened form of the 

Wechsler Preschool and Primary Scale of Intelligence, revised (WPPSI-R).20 We 

used the subtests vocabulary, picture completion, and reproduction of block 

designs to measure total, verbal, and performance intelligence. 

In addition, we measured the children’s attention and verbal memory. Sustained 

attention and selective attention were measured with the two subtests ‘Score!’ 

and ‘Sky search’ of the Test of Everyday Attention for Children (TEA-Ch).21 

Sustained attention involves maintaining attention over an extended period of time. 

Selective attention refers to the ability to select target information from an array 

of distractors.22 We assessed verbal memory with a standardized Dutch version 

of Rey’s Auditory Verbal Learning Test (AVLT).23 This test consists of five learning 

trials with immediate recall of words (tested after each presentation), a delayed 

recall trial, and a delayed recognition trial.

To gain insight in maternal SES, we determined the mother’s highest level of 

education during the first year after birth.

A summary of the different tests that were used, including time period, abbreviations 

and range of scores, is provided in Table 1.

Statistical Analyses

Intelligence quotient (IQ) scores were calculated by the mean of scores on the verbal 

and performance subtests that were assessed. We classified scores on the BSID-

II-NL, Movement ABC and cognitive tests into ‘normal’ (>15th percentile), ‘suspect’ 

(5th> to ≤15th percentile), and ‘abnormal’ (≤5th percentile). For the neurological 
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examination the same classification was made, based on the criteria from the 

manuals. We explored the relationship between the scores on the developmental 

tests with Pearson’s and Spearman’s correlation coefficients, where appropriate. 

For the BSID-II-NL, Movement ABC, and intelligence scores we used the norm 

scores from the manuals, whereas for Prechtl’s, Touwen’s, Hempel’s, and the 

motor optimality score we used the raw scores, since norm scores are unavailable. 

The correlations were calculated both before and after correction for SES, as SES 

may act as a confounding factor on both motor and cognitive development.24,25

To investigate the stability of the scores obtained on motor development tests, we 

first calculated the z-scores for each test to be able to compare the different tests. 

Subsequently, we calculated the differences in z-scores between the different time 

points (i.e. between Prechtl’s optimality score and the motor optimality score, the 

motor optimality score and Touwen’s optimality score, Touwen’s optimality score 

and the PDI, the PDI and Hempel’s optimality score, and Hempel’s optimality score 

and the Movement ABC). We then determined the mean absolute difference over 

all time points.

We calculated the proportion of variance (r2) in development at school age 

explained by the scores on the early tests and maternal characteristics, in order to 

compare the added value of the latter. For normally distributed variables we used 

a linear regression model. For non-normal variables we used a logistic regression 

model in which we compared the normal children with the suspect and abnormal 

children at school age. Throughout the analyses p<.05 was considered statistically 

significant, which is uncorrected for multiple comparisons.

We used SPSS 14.0 software for Windows (SPSS Inc, Chicago, IL) for all the 

analyses.
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Results

Of the 90 children invited, 77 (86%) participated in the follow-up program at school 

age. Eight sets of parents declined the invitation to take part in the follow-up and 

4 sets of parents could not be traced. One girl had to be excluded because she 

suffered severe cognitive impairment of unknown origin and could not be tested as 

a result. The demographics of the children are shown in Table 2.

Follow-up

The mean age at follow-up in the neonatal period was ten days (range eight to 

twelve days). The mean for Prechtl’s optimality score derived from the neurological 

examination (n=75) was 50 (range 39-59). 

During early infancy the mean age at follow-up was twelve weeks (range eleven to 

thirteen weeks). The mean for Touwen’s optimality score (n=77) was 45 (range 35-

51). Regarding the quality of spontaneous general movements (n=72), 69 children 

showed normal fidgety movements, 2 showed abnormal fidgety movements, and 

in 1 child fidgety movements were absent. The mean motor optimality score was 

25 (range 10-28).

At toddler age, the mean age at follow-up was eighteen months (range seventeen 

months and three weeks to eighteen months and one week). The mean Hempel’s 

optimality score (n=75) was 43 (range 31-54). According to the BSID-II-NL, the 

mean for the PDI (n=75) was 93 (range 69-118) and for the MDI (n=75) the mean 

was 96 (range 66-125).

The mean age at follow-up at school age was six years and one month (range five 

years and eight months to seven years and six months). The mean total IQ of the 

children was 102 (range 82-125, SD 9), the mean verbal IQ was 100 (range 78-130, 

SD 10), and the mean performance IQ was 103 (range 73-133, SD 12). In Table 3 we 

present an overview of the longitudinal test results classified as normal, suspect and 

abnormal. On the whole, the test scores were comparable to a reference population. 

The neurological outcome in early infancy and toddler age, mothers’ intelligence, 

and intelligence of the children at school age were slightly better than one would 

expect in the total population. Furthermore, selective attention was slightly better 

than sustained attention, although comparable to a reference population.



245Chapter 10   Developmental Trajectories from Birth to School Age in Healthy Term-Born Children

Stability of the Developmental Scores over Time

Figure 1 shows the correlations between the developmental scores at the various 

ages and the total score on the Movement ABC. Hempel’s optimality score at 

toddler age correlated significantly with motor outcome at school age both before 

and after correction for SES (r=0.244, p=.035 and r=0.273, p=.018, respectively). 

The MDI at toddler age correlated significantly with motor outcome at school age 

after correction for SES (r=0.272, p=.019). Further analysis revealed that the MDI 

and Hempel’s optimality score correlated significantly, in particular with the manual 

dexterity subtest (both r=0.276, p=.019) of the Movement-ABC. 

Figure 2 shows the correlations between the developmental test scores and 

total intelligence at school age. None of these correlations reached significance. 

Nevertheless, we found a trend towards correlation between the MDI at toddler 

age and intelligence at school age before correction for SES (r=0.194, p=.098).

We also correlated the test scores in the neonatal period, early infancy, and toddler 

age with one another. After correcting for SES, we found that the motor optimality 

score in early infancy correlated with the PDI at toddler age (r=0.262, p= 0.030). At 

toddler age we found a correlation between the PDI and Hempel’s optimality score 

(r=0.284, p=.015) and the MDI and Hempel’s optimality score (r= 0.299, p=.011). 

The correlation between the MDI and PDI was also significant (r=0.417, p<.001). At 

school age, we found that the children’s motor development correlated significantly 

with intelligence and sustained attention (r=0.267, p=.021 and r=0.337, p=.004). 

Intelligence correlated significantly with selective attention and verbal memory 

(r=0.253, p=.034 and r=0.268, p=.024).

After transforming the test scores to z-scores and calculating the mean absolute 

difference in z-scores between the time points, the largest difference in the test 

scores was observed between Prechtl’s optimality score (neonatal period) and the 

motor optimality score (early infancy), and Touwen’s optimality score (early infancy) 

and the PDI (toddler age), with mean absolute differences of 1.03 SD (95% confidence 

interval (CI): 0.81-1.24) and 1.15 SD (95% CI: 0.96-1.35), respectively. The mean 

absolute difference over all the time points was 1.01 SD (95% CI: 0.91-1.11). 

Figure 3 shows the distribution of the neurological test scores at the different time 

points, divided into three categories (<33rd percentile, 33rd> to ≤66th percentile, 
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>66th percentile) of motor performance at school age. As is apparent from Figure 

3, there is little consistency in the motor trajectories of the children over time. 

One can see in the second column that in early infancy, the distribution of motor 

performance was approximately equivalent across all three neurological test score 

groups. With increasing age, however, the tests do enable us to better identify 

those children that will obtain motor scores below the 33rd percentile at school 

age.

Early Predictors of Motor and Cognitive Development at School Age

The Movement ABC percentiles, IQ, and verbal memory were normally distributed, 

and were therefore included in a linear regression model. Attention was not normally 

distributed and was therefore included in a logistic regression model.

Table 4 gives the proportion of variance in motor and cognitive development at 

school age explained by early tests scores and maternal SES and verbal intelligence. 

Furthermore, we present the r2 for the complete model. Table 4 shows that the r2s 

for the complete model on all outcome variables are low. We found significant 

but low r2s for the MDI on motor development at school age (r2=0.074, p=.018), 

SES on sustained attention (r2=0.104, p=.030), and mothers’ verbal intelligence on 

verbal memory of the children at school age (r2=0.074, p=.027).
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TABLE 1 Longitudinal follow-up assessments 

Score Range

Neonatal period

Prechtl’s neonatal neurological 

examination

Prechtl’s optimality score 0-60

Early infancy

Touwen’s neurological examination Touwen’s optimality score 0-60

General Movement assessment Motor optimality score 5-28

Toddler age

Hempel’s neurological examination Hempel’s optimality score 0-57

Bayley Scales of Infant 

Development, Second Edition, 

Dutch Version (BSID-II-NL)   

Psychomotor Developmental Index 

(PDI), Mental Developmental Index (MDI)

50-150

School age

Movement ABC Movement ABC total score 0-1001

Wechsler Preschool and Primary 

Scale of Intelligence, Revised 

(WPPSI-R)     

Total intelligence, verbal intelligence, 

performance intelligence

50-150

Test of Everyday Attention for 

Children (TEA-Ch)

Sustained attention, selective attention 0-1001

Rey’s Auditory Verbal Learning 

Test (AVLT)

Verbal memory 0-1001

1. Range is given in percentiles
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 TABLE 2 Participant Demographics 

Number     n=77

Males/females     46/31

Gestational age (weeks) (n=75)   40 (38-42.5)

Apgar at 5 minutes (n=69)   10 (7-10)

Breast-feeding (n=75)    n=62 (83)

Maternal characteristics (n=75) 

Maternal age at labor   32 years (24-42)

Smoking during pregnancy 

< 5 cigarettes/day   7 (9)

> 5 cigarettes/day   2 (3)

Alcohol during pregnancy 

Occasionally (< one unit/ week)   21 (27)

Frequently (> one unit/ week)   1 (1)

Socioeconomic status (n=77) 

Below average    n=4 (5)

Average     n=27 (35)

Above average    n=46 (60)

Data are given as median (minimum-maximum) or as numbers (percentage).
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 TABLE 3 Longitudinal test results

Normal Suspect Abnormal

Mothers’ Verbal Intelligence (n=68) 65 2 1

Neonatal period

Prechtl’s optimality score (n=75)1 69 6 0

Early infancy

Touwen’s optimality score (n=77)1 76 1 0

Motor optimality score (n=71)2 36 32 3

Toddler age

Hempel’s optimality score (n=75)1 70 5 0

Mental Developmental Index (n=75)3 63 11 1

Psychomotor Developmental Index (n=75)3 56 17 2

School age

Movement ABC, total score (n=77)3 65 7 5

Total intelligence (n=76)3 73 3 0

Verbal intelligence (n=76)3 73 3 0

Performance intelligence (n=76)3 70 6 0

Sustained attention (n=74)3 59 11 4

Selective attention (n=75)3 67 4 4

Verbal memory (n=75)3 60 8 7

Data are given as numbers (percentage).
1.  Classification into normal, suspect and abnormal was based on presence of neurological abnormalities
2. Normal was defined as a motor optimality score of 28, or 26 with reduced age adequacy of movements, suspect 

as a motor optimality score of 20-26, abnormal was the absence of fidgety movements or presence of abnormal 
fidgety movements

3.  Normal was defined as >15th percentile, suspect as 5th-15th percentile and abnormal as <5th percentile
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Figure 1  The correlation between developmental tests at various ages 

and motor outcome 

The correlation coefficient (r) between developmental tests at various ages and motor
outcome (Movement ABC) at school age (*p<.05)
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Figure 2  The correlation between developmental tests at various 

ages and intelligence at school age
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 Figure 3  The distribution of neurological test scores at 

different time points 

School age

> 66th percentile

33rd - 66th percentile

< 33rd percentile

The distribution of neurological test scores at different time points, divided into three categories (<33rd percentile, 
33rd to ≤66th percentile, >66th percentile) according to motor performance at school age. At each time point, 
the children were classified into three equal groups according to the centiles of their neurological test scores. The 
slices of the pies represent the number of children of the groups that scored <33rd percentile (black), 33rd to ≤66th 
percentile (gray), >66th percentile (white) at school age. 
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Discussion

The results of our study demonstrated that the stability of motor development was 

limited in healthy, term-born, singletons from birth until school age. Moreover, in 

healthy children the added value of developmental tests at early ages to predict 

intelligence and more complex cognitive functions at school age was low. Only 

the contribution of maternal SES and verbal intelligence was significant, though 

limited, to sustained attention and verbal memory at school age. 

Previous studies showed contrasting results on the stability of motor development 

in healthy children. A study of Ridgway et al. found that the age at which certain 

milestones (i.e. walking and unaided standing) are reached has prognostic value for 

physical educational grades at fourteen years of age.26 Another study showed that 

early fine and gross motor development at four to forty-eight months, as measured 

with a parental questionnaire, is not related to fine and gross motor development 

at six to twelve years of age.25 Our study showed that in healthy children even 

the standardized assessment of motor and neurological performance during the 

neonatal period, early infancy, and toddler age had limited predictive value for 

motor development at school age. This means that results on outcome studies 

based on a single measurement at an early age should be interpreted with utmost 

caution.

Possible explanations for these conflicting results may be that different tests at 

various ages may or may not measure the same function. Also, previous studies 

have used many different measures at different ages. In addition the nature of the 

investigated relationships may vary. Certain studies may have searched for small 

effects that may not be relevant in everyday clinical practice, but may give a clue 

about neurodevelopment. 

The aim of several theories on motor development is to describe the mechanisms 

involved in the development of motor functions. These theories shifted from the 

idea that motor development is a gradual unfolding of predetermined patterns 

in the central nervous system towards the notion that environmental factors 

and sensory information play an important role in motor development.27-29 The 

Neuronal Group Selection Theory states that cortical and subcortical systems in 

the brain are dynamically organized into variable neuronal networks, the structure 
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and function of which are selected by development and behavior. The selection of 

neuronal networks on the basis of afferent information plays a significant role in this 

process. According to this theory, variation in developmental parameters, such as 

motor performance, developmental sequence, or the duration of developmental 

stages is the key to normal development.29 Our findings that the stability in 

motor development until school age is limited, might be a reflection of this large 

variability. 

In this study, however, we did find some correlations between test scores obtained 

at consecutive ages. We found correlations between the motor optimality score at 

early infancy and the PDI at toddler age, and between Hempel’s optimality score 

at toddler age and the Movement ABC at school age. This might be explained by 

the fact that these measurements were obtained at subsequent ages. It is striking 

to note in this respect that the MDI at toddler age, being considered a cognitive 

measure, correlated with motor development rather than cognitive development 

at school age. Indeed, the MDI contains items that require the use of fine motor 

skills. This could explain our finding that the MDI correlated with manual dexterity 

on the Movement ABC.

Various studies reported that in preterm born children the trajectory of motor 

development is more stable. For example, Erikson et al. found that a majority 

of preterm children show a stable motor development that could be predicted 

by low birth weight and the presence of cerebral damage such as periventricular 

leukomalacia.30 Other studies also found that early neurological assessments 

are predictive of later neurodevelopmental outcome in preterm infants.31,32 This 

seems to indicate that certain risk factors have such a strong impact on neurologic 

development that it cannot be counteracted by, for example, SES, experience and 

training, and other environmental factors. The development of healthy children, by 

contrast, is more susceptible to variations in these factors.

With regard to the relationship between motor and cognitive development, we did 

not find any early motor test score that contributed significantly to intelligence, 

attention, and verbal memory at school age. This is in contrast to the finding of 

Piek et al. who stated that gross motor functioning, measured with a parental 

questionnaire, accounted for a significant proportion of the variance for cognitive 
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performance.25 Other studies suggested that specific items on motor tests, such 

as aspects of the quality of spontaneous movements, or the age of reaching 

milestones, might have predictive value for later cognitive development.5,33 Our 

study showed that with regard to overall motor performance of children in early 

life, there was no clear relation with cognitive development at school age. The only 

factors that contributed significantly to the variance in complex cognitive functions 

were maternal SES and verbal intelligence. This finding is supported by previous 

studies that found that mother-infant interactions and environmental quality play 

an important role in intellectual development at pre-school age.34,35 In our study, 

this observation counts for complex cognitive functions, i.e. attention and memory, 

in particular. 

Several considerations should be taken into account when interpreting the present 

results. Firstly, whether the different tests at the various ages measured the same 

functions. The neurological examinations measure the integrity of the central nervous 

system and identify infants at risk for minor and major neurological dysfunction, 

while the Movement ABC at school age is a rather quantitative test of daily motor 

skills. Infants identified as having minor neurological dysfunction, however, are at 

risk of developing clumsy motor behavior and obtaining abnormal Movement ABC 

scores.36 Furthermore, we found that at toddler age, for example, the results of the 

neurological examination correlated highly with the children’s PDI and MDI. This 

may reflect that these tests measure similar functions or aspects of development 

that are interrelated. It is a fact that the BSID-II-NL and the neurological examination 

both include a number of similar items. Secondly, the children’s behavioral state 

might have had an impact on the test results. Especially during the first year of life, 

children’s behavioral state might have led to an increased variability in test results 

that may have made it difficult to find a relationship with development at school 

age. 

We aimed to report our results transparent, and therefore we did not adjust our 

threshold of significance (p=.05) for multiple comparisons. This explorative study 

assessed motor function at 4 time points, and cognition at 2 time points. A multiple 

comparison correction would thus set our significance level around p=.01-.02. 

Since the number of significant findings in our study was already limited, this 
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adjustment would not have changed the main findings of our study. Finally, we 

observed that the SES of our study population was relatively high and our sample 

size was thus biased to the upper classes. This limitation may also have influenced 

our findings. 

As a suggestion for future studies, it would be interesting to see how developmental 

trajectories would evolve beyond school age, since little is known about motor 

stability into adulthood.

Conclusion

Our study showed that in a cohort of healthy children motor developmental 

trajectories varied considerably. Moreover, the added value of early assessments 

of motor development for later cognitive function is limited. This leads us to believe 

that a single abnormal test result at a certain age in an individual child at risk for 

developmental delay should be interpreted cautiously. The effect of the risk factor 

on development must be quite large to come to light at every assessment until 

school age. If a certain risk factor only has a moderate impact on development, it 

may soon be counteracted by factors that are known to have an important impact 

on development. Cases in point are maternal SES and verbal intelligence and 

possibly other factors that have yet to be discovered. 
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Abstract

Objective

To establish neuropsychological profiles at school age in very preterm-born 

children compared to the profiles of term-born children. 

Study design

Comparative study including 60 very preterm-born children (gestational age ≤32 

weeks) and 120 term-born controls. At school age, we assessed intelligence, 

visuomotor integration, verbal memory, attention, and executive functioning. 

Subsequently, we investigated co-occurrence of abnormal (<5th percentile) and 

suspect-abnormal (<15th percentile) neuropsychological outcomes in preterm 

children compared to controls.

Results

At mean 8.8 years, 55% of preterm children had suspect-abnormal 

neuropsychological outcomes in multiple (≥2) domains, versus 25% of the controls 

(OR 3.67, 95%-confidence interval 1.90-7.06). In preterm children with multiple 

impairments, verbal memory, attention, and performance IQ were mostly affected. 

No typical pattern of co-occurrence of neuropsychological impairments was 

specific to preterm children, except for those that included low performance IQ 

(OR 5.43, 95%-confidence interval 1.75-16.81). The higher the number of suspect-

abnormal neuropsychological domains, the worse the academic achievement 

(p<.01).

Conclusions

A majority of preterm children had multiple neuropsychological impairments. Low 

performance IQ was characteristic of profiles including multiple neuropsychological 

impairments in preterm children but not in controls. Differences in neuropsychological 

profiles between preterms and controls may reflect an altered organization of brain 

structures in preterm children.
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Introduction

Preterm birth is a common complication of pregnancy. Very preterm birth (<32 

weeks gestation) occurs in around 1-2% of pregnancies. In the early neonatal 

period, various factors in the extra-uterine environment contribute to the risk of 

mild, to occasionally more severe, brain lesions in preterm infants. Early disruptions 

and alterations in brain development can lead to functional impairments in motor, 

cognitive, and behavioral development that may persist into childhood and even 

adulthood.1-3 These functional impairments are likely to have an impact on daily life 

and academic achievement.4,5

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.6,7 Previous studies reported that specifically preterm children with low 

intelligence are at risk for problems in these domains,8,9 while others suggested 

there may be preterm children with specific neuropsychological dysfunctions in 

whom intellectual development is preserved.10,11 As yet, very few studies described 

the co-occurrence of impairments in neuropsychological functions in preterm 

children.

Insight into the neuropsychological profiles, including intelligence, of preterm 

children could reveal whether (I) preterm children develop a pattern of co-

occurring impairments in specific neuropsychological domains, or (II) multiple 

neuropsychological domains are impaired without a pattern emerging, or (iii) in 

most children a single neuropsychological domain is impaired. Identification of the 

nature of these profiles could guide diagnostics and intervention. Our primary aim 

was to establish the neuropsychological profiles at school age in a Dutch cohort of 

very preterm-born children (gestational age ≤ 32 weeks), and to compare them to 

the profiles of term-born children. Our second aim was to determine whether these 

neuropsychological profiles relate to academic achievement. Finally, we aimed 

to identify neonatal characteristics related to the neuropsychological profiles of 

preterm-born children at school age.
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Methods

Patients

This comparative study included 60 randomly selected preterm infants (gestational age 

≤32 weeks) who had been admitted to the Neonatal Intensive Care Unit of the University 

Medical Center Groningen (1996-2002). Most of these children had participated in 

previous cohort studies on the outcome of preterm children with specific neonatal risk 

factors, either as a case or control. We excluded children with major chromosomal and 

congenital anomalies. The response rate at school age was 85%. For every preterm 

child, we retrospectively included two randomly selected fullterm-born control children 

born in 2002 and 2003, who lived in the northern provinces of the Netherlands. The 

control children were initially recruited for the Lollypop study as described elsewhere.12 

Of the fullterm born controls the response rate at school age was 73%.

Measures and Procedure

We reviewed the preterm-born children’s medical charts and recorded neonatal 

characteristics and morbidities. These were gender, gestational age, birth weight, Apgar 

score at 5 minutes, the presence of intrauterine growth restriction (IUGR), asphyxia, 

ventilatory support, bronchopulmonary dysplasia (BPD), early and late onset sepsis, 

necrotizing enterocolitis (NEC), and cerebral pathologies such as germinal matrix 

hemorrhage-intraventricular hemorrhage (GMH-IVH), periventricular hemorrhagic 

infarction (PVHI), post-hemorrhagic ventricular dilatation (PHVD), cystic periventricular 

leukomalacia (PVL), and neonatal seizures.

Socioeconomic status was determined by classifying the highest occupation of both 

parents into below average, average, and above average according to the Dutch 

standard classification of occupations.

The preterm-born children were invited prospectively to participate in an extension 

of our routine follow-up program. The control children did the same follow-up 

program. It entailed the assessment of motor performance, neuropsychological 

functions including intelligence, and behavior at the age of 6 to 12 years. Including 

breaks the program took approximately 2.5 hours to complete. We report here on the 

children’s neuropsychological functions including intelligence, as we were particularly 

interested in the cognitive development of the children. We did not include the 
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children’s performances on motor tests. Parents gave their written, informed consent 

to participate in the follow-up program and the study was approved by the Medical 

Ethical Committee of the University Medical Center Groningen.

Neuropsychological Outcome

Total, verbal, and performance intelligence were assessed using a shortened version 

of the Wechsler Intelligence Scale for Children, third edition, Dutch version. We used 

the subtests Vocabulary and Similarities to assess verbal intelligence and Picture 

Arrangement and Block Design to assess performance intelligence.13 

In addition, we assessed visuomotor integration with the subtest Design Copying of 

the NEPSY-II, a neuropsychological test battery for children.14 In this subtest the child 

is asked to copy geometric shapes of increasing complexity. Visuomotor integration 

involves the integration of visual information with finger-hand movements. 

We assessed verbal memory with a standardized Dutch version of Rey’s Auditory Verbal 

Learning Test.15 This test consists of five learning trials of fifteen words with immediate 

recall after each presentation and a delayed recall trial followed by a recognition trial. 

We measured selective attention and attentional control with the subtests Map Mission 

and Opposite Worlds of the Test of Everyday Attention for Children, Dutch version.16 In 

Map Mission the child is asked to encircle as many symbols of a restaurant as possible 

in one minute among distracting symbols on a map. In Opposite Worlds the child is 

asked to read a string of digits 1 and 2 as 2 and 1 respectively as quickly as possible 

(inhibition of automated reading). Selective attention refers to a child’s ability to select 

target information from an array of distractors. Attentional control refers to the child’s 

ability to shift attention flexibly and adaptively. Finally, the parents filled out the Behavior 

Rating Inventory of Executive Function to assess executive functioning involved in well-

organized, purposeful, goal-directed, and problem-solving behavior as observed by the 

parents in daily life.17 Examples of executive functioning are the ability to inhibit competing 

actions towards attractive stimuli, the flexibility to shift problem-solving strategies when 

necessary, and the ability to monitor and evaluate one’s own behavior. If children were 

too tired and/or uncooperative (as assessed by the trained experimenter), we excluded 

their test scores. Incomplete questionnaires were also excluded. We recorded the type 

of education the children received and whether they had repeated classes. 
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Statistical Analyses

We used age-specific norm scores as provided in the manuals for all the 

neuropsychological tests. We classified the intelligence quotients (IQs) into normal 

(IQ ≥ 85), suspect (IQ 70 to 85) and abnormal (IQ<70). We used the percentiles on 

the standardization samples of the neuropsychological tests to classify raw scores 

into normal (≥ 15th percentile), suspect (5th to 15th percentile), and abnormal (< 5th 

percentile). Verbal memory and attention have two different parameters that each 

measure specific aspects of these functions. For each child we classified verbal 

memory and attention as suspect or abnormal if either one of the two parameters 

was suspect or abnormal. 

First, to compare the neuropsychological test scores of preterm children and 

controls we used the Student’s t-test for normally distributed variables and 

the Mann-Whitney U test for non-normally distributed variables. Second, we 

explored the neuropsychological profiles by graphically displaying the co-

occurrence of abnormal (< 5th percentile) and suspect-abnormal (< 15th percentile) 

neuropsychological outcomes of each child. We then calculated odds ratios for 

obtaining an abnormal outcome on at least one neuropsychological domain or 

multiple (≥2) abnormal neuropsychological domains in preterms versus controls 

by logistic regression analyses. These analyses were repeated after correction for 

gender and socioeconomic status. Since we used age-specific norm scores, we did 

not correct for age at testing. Third, to gain insight into combinations of impairments, 

we tested differences in co-occurrence of neuropsychological impairments between 

preterms and controls using the Chi2 test. Finally, we used the Student’s t-test and 

Pearson correlation for normally distributed variables and the Mann-Whitney U test 

and Spearman’s rank correlation for non-normally distributed variables to relate the 

neonatal characteristics to the neuropsychological profiles in the preterm children. 

The characteristics were gender, gestational age, birth weight, IUGR, ventilatory 

support, BPD, early and late onset sepsis, NEC, mild cerebral pathology (i.e. GMH-

IVH grade I or II), and severe cerebral pathologies (i.e. either GMH-IVH grade III, 

PVHI, PHVD or cystic PVL). We used SPSS 16.0 software for Windows (SPSS Inc, 

Chicago, IL) for all the analyses and p<.05 was considered statistically significant 

throughout.
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Results

Table 1 provides an overview of the patient demographics of the 60 preterm and 

120 control infants. There was a preponderance of males in the preterm group 

compared to the controls (p<.01) and a trend towards lower socioeconomic status 

(p=.052).

The mean age at follow-up was 8.8 years (range 6.8-12.8 years) in the preterm 

group and 6.9 years (range 6.4-7.1 years) in the control group (p<.01).

Neuropsychological Outcome

The mean total IQ in the preterm group was 92 (standard deviation 13, range 

55-118), mean verbal IQ was 95 (15, 55-128), and mean performance IQ was 90 

(14, 55-118). In the control group the mean total IQ was 104 (11, 76-132), mean 

verbal IQ was 106 (13, 75-143), and mean performance IQ was 103 (12, 70-128). 

The box-plots in Figure 1 show the standardized test scores (z-scores) from the 

neuropsychological tests of the preterm children compared to the controls. Preterm 

children performed significantly worse on all tests except the test for visuomotor 

integration, which showed a ceiling effect in its distribution. The distributions of the 

neuropsychological scores in the preterm group were fairly similar to those in the 

control group except that the means were lower in the former. Table 2 shows the 

test results classified into normal, suspect, and abnormal.

Co-occurrence Analyses

Out of 60 preterm children, 33 (55%) did not have any abnormal results on the 

neuropsychological assessments, whilst 27 children (45%) had an abnormal 

outcome in at least one neuropsychological domain. In the control group, only 23 

out of 120 (19%) had an abnormal outcome on at least one neuropsychological 

domain. The odds ratio (OR) for having an abnormal score on at least one domain 

in preterm children versus controls was 3.45, 95% confidence interval (CI) 1.74-

6.83, p<.01. After correction for gender and SES, the OR was 2.82, 95% CI 1.39-

5.37, p<.01. Figure 2 gives the percentage of children per number of abnormal (A) 

or suspect-abnormal (B) neuropsychological domains. The following six domains 

were included: verbal IQ, performance IQ, visuomotor integration, verbal memory, 
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attention, and executive functioning. Like the controls, the majority of preterm 

children with an abnormal neuropsychological outcome had functional limitations 

in only one domain (Figure 2A). The preterm children, however, had multiple 

neuropsychological impairments more frequently, i.e. in 2 or more domains, than 

the control children (9/60 (15%) versus 4/116 (3%), OR 5.12, 95% CI 1.51-17.39, 

p<.01). After correction, the OR was 4.65, 95% CI 1.33-16.35, p=.02. Regarding 

suspect-abnormal outcomes (Figure 2B), a majority of preterm children had 

multiple neuropsychological impairments, which again was more frequent than 

in the controls (33/60 (55%) versus 30/120 (25%), OR 3.67, 95% CI 1.90-7.06, 

p<.01). After correction, the OR was 3.02, 95% CI 1.49-6.12, p<.01. An abnormal 

IQ (<70) always co-occurred with multiple neuropsychological impairments. None 

of the control children had abnormal IQs.

Of the preterm children with only one abnormal domain (n=18), most children had 

problems with verbal memory (n=9), followed by visuomotor integration (n=4), 

attention (n=4), and executive functioning (n=1). In the controls (n=19), although less 

frequent, the distribution of problems in neuropsychological outcomes was similar. 

Inspection of the neuropsychological profiles of the preterm children (n=9) and 

controls (n=4) with two or more abnormal neuropsychological domains revealed 

no clear pattern of combinations of abnormal outcomes (data not shown). Table 

3 shows the frequency of suspect-abnormal outcomes in neuropsychological 

domains in children with one versus multiple neuropsychological impairments  

(≥ 2 suspect-abnormal domains). Within the group of preterm children, attention, 

verbal memory, and performance IQ were abnormal in a majority of preterm 

children with ≥ 2 suspect-abnormal outcomes. In comparison to the controls, a 

suspect-abnormal performance IQ was more frequently accompanied by additional 

neuropsychological impairments in preterm children than in control children (OR 

5.43, 95% CI 1.75-16.81).
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Neuropsychological Profile in relation to Academic Achievement

Table 4A gives the academic achievement (normal education, normal education 

but repeated classes, special education) of the preterm and control children. It also 

provides the median number of suspect-abnormal neuropsychological domains per 

type of academic achievement (normal education, normal education but repeated 

classes, special education). Out of the six preterm children that received special 

education, five attended special schools for children with learning problems and 

one attended a school for children with behavioral problems. In the control group, 

one child attended a school for children with learning problems and one attended 

a school for children with language and hearing problems. The median number 

of suspect-abnormal neuropsychological domains was significantly higher for 

children repeating classes and attending special education, both in the preterm 

(p< .01) and control group (p< .01). Table 4B gives the type of neuropsychological 

impairments in relation to academic achievement in preterm children. Verbal IQ, 

performance IQ, visuomotor integration and attention were significantly more 

frequently affected in children repeating classes and children attending special 

education. This was not found for verbal memory and executive functions. 

Neonatal Characteristics and Neuropsychological Profiles

The preterm children’s birth weight correlated with the number of abnormal and 

suspect-abnormal neuropsychological domains (r=-0.267, p=.04 and r=-0.353, 

p<.01, respectively). This was not found for gestational age. We also found that 

preterm children with IUGR had significantly more suspect-abnormal outcomes 

than preterm children without IUGR (median 3 versus 2 suspect-abnormal 

outcomes, p=.017). This was also found for late-onset sepsis (median 2 versus 1, 

p=.019) and severe cerebral pathology (median 4 versus 1, p=.016).
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TABLE 1 Patient demographics 

  Preterm infants  

(GA<32 weeks) n=60

Control infants n=120

Males/females 41/ 19 57/63

Gestational age (weeks) 29.4 (27.3-30.8) 40.0 (39.0-40.0)

Birth weight (grams) 1138 (941-1410) 3590 (3250-3945)

Socioeconomic status1

Below average 14 (23%) 24 (20%)

Average 33 (55%) 47 (39%)

Above average 13 (22%) 49 (41%)

Neonatal complications

IUGR (<P10) 11 (18%)

Apgar at 5 minutes 9 (4-10)

Asphyxia 1 (2%)

Ventilatory support (IPPV or HFO) 50 (83%)

Early onset sepsis 3 (5%)

Cerebral pathology

GMH-IVH grade I or II 12 (20%)

GMH-IVH grade III or PVHI 1 (2%)

Cystic PVL 0 (0%)

PHVD 2 (3%)

Neonatal seizures 0 (0%)

Late onset morbidity

Late onset sepsis 24 (40%)

Necrotizing enterocolitis 8 (13%)

Bronchopulmonary dysplasia 20 (33%)

Data are given as median (25th-75th percentile) or as numbers (percentage).
1. According to the standard Dutch occupational classification
Abbreviations: GMH-IVH- germinal matrix hemorrhage-intraventricular hemorrhage; HFO- high frequency oscillation; 
IPPV- intermittent positive pressure ventilation; IUGR- intrauterine growth restriction; PHVD- post-hemorrhagic 
ventricular dilatation; PVHI- periventricular hemorrhagic infarction; PVL- periventricular leukomalacia.
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TABLE 2  Neuropsychological outcome at school age of preterm-born 

children and controls classified into normal, suspect, and abnormal

Preterms (n=60) Controls (n=120)

Normal Suspect Abnormal Normal Suspect Abnormal

Verbal IQ (n=179) 47 (78%) 10 (17%) 3 (5%) 114 (96%) 5 (4%) 0 (0%)

Performance IQ 41 (68%) 14 (23%) 5 (8%) 114 (95%) 6 (5%) 0 (0%)

Visuomotor 
integration

46 (77%) 6 (10%) 8 (13%) 97 (81%) 15 (13%) 8 (7%)

Verbal memory 36 (60%) 10 (17%) 14 (23%) 83 (69%) 26 (22%) 11 (9%)

Attention 33 (55%) 15 (25%) 12 (20%) 90 (75%) 23 (19%) 7 (6%)

Executive 
functioning 49 (82%) 7 (12%) 4 (7%) 115 (96%) 3 (3%) 2 (2%)

Data are given as number (percentage). Scores are classified into normal (≥ 15th percentile), suspect 
(5th to 15th percentile), and abnormal (< 5th percentile). Children were classified based on their worst score on one 
of the two parameters.
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TABLE 3  Type of neuropsychological impairment in children with one

versus multiple neuropsychological impairments (≥ 2 suspect-abnormal 

domains)

1 suspect-abnormal 

domain 

≥2 suspect-abnormal 

domains

Preterms 

(n=11)

Controls 

(n=36) 

Preterms 

(n=33)

Controls 

(n=30)

Verbal IQ 2 (18%) 0 (0%) 11 (33%) 5 (17%)

Performance IQ 0 (0%) 0 (0%) 19 (58%)** 6 (20%)

Visuomotor integration 0 (0%) 7 (19%) 14 (42%) 16 (53%)

Verbal memory 4 (36%) 14 (39%) 21 (63%) 23 (77%)

Attention 5 (45%) 15 (42%) 21 (63%) 15 (50%)

Executive functioning 0 (0%) 0 (0%) 11 (33%) 5 (17%)

Data are given as number of children with suspect-abnormal outcomes (percentage of the group concerned). 
** p<.01 when comparing preterms with ≥2 suspect-abnormal domains to controls with ≥2 suspect-abnormal 
domains (Chi2)
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TABLE 4A  Number of impairments in neuropsychological domains in relation

 to academic achievement

Academic achievement Preterm children (n=60) Control children (n=120)

Normal education n=31 (52%) 1 (0-2) n=112 (93%) 1 (0-1)

Normal education, 
repeated classes

n=23 (38%) 3 (2-4) n=6 (5%) 2.5 (1.5-4)

Special educational 
classes

n=6 (10%) 4.5 (1.5-5) n=2 (2%) 3.5 (2-5)

Data are given as number of children (percentage) followed by median number of neuropsychological 
domains with suspect-abnormal scores (25th-75th percentile).

 

TABLE 4B  Type of impairments in neuropsychological domains in relation to

 academic achievement in preterm children

Normal 
education 
(n=31)

Normal education, 
repeated classes 
(n=23)

Special 
educational 
classes (n=6)

Verbal IQ** 1 (3%) 8 (35%) 4 (67%)

Performance IQ** 2 (6%) 13 (57%) 4 (67%)

Visuomotor integration** 2 (6%) 7 (30%) 5 (83%)

Verbal memory 10 (32%) 11 (48%) 3 (50%)

Attention** 8 (26%) 15 (65%) 4 (67%)

Executive functioning 4 (13%) 6 (26%) 1 (17%)

Data are given as number of children with suspect-abnormal outcomes (percentage of the group concerned).  
** p<.01 (Chi2)
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Figure 1  Standardized test scores of neuropsychological tests at 
school age in the preterm group compared to the control group

Standardized test scores of neuropsychological tests at school age in the preterm group (n=60) compared to the 
control group (n=120). Box-plots represent z-score distribution (median, 25th and 75th percentile and range).**p<.01
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Discussion

This study showed that a majority (55%) of very preterm-born children had 

suspect-abnormal outcomes in multiple neuropsychological domains, which was 

more than in controls (25%). We found no typical neuropsychological profile or co-

occurrence of impairments in specific neuropsychological domains among preterm 

children compared to controls, but in children with multiple suspect-abnormal 

domains, verbal memory, attention, and performance IQ were mostly affected. Low 

performance IQ was characteristic of profiles including multiple neuropsychological 

impairments in preterm children but not in controls. These neuropsychological 

impairments were related to academic achievement in the sense that more 

neuropsychological domains were impaired in children who repeated classes and 

attended special schools. The neonatal characteristics related to multiple suspect-

abnormal neuropsychological outcomes at school age were birth weight, IUGR, 

late-onset sepsis, and severe cerebral pathology. Many preterm-born children had 

thus been exposed to factors that, presumably through altered brain development, 

led to impairments in combinations of neuropsychological domains that seemed 

to hamper academic achievement.

The novelty of this study is that to provide insight into the effect of prematurity 

on later neuropsychological outcome, we investigated the co-occurrence 

of neuropsychological impairments in preterm children by examining 

neuropsychological profiles, rather than reporting impairments across preterm 

children. Comparing these profiles to the profiles of a large cohort of term-born 

children enabled us to determine whether a typical neuropsychological profile was 

attributable to very preterm birth. 

We could not confirm a neuropsychological profile typical for preterm children, 

since most preterm children were impaired in multiple neuropsychological domains 

without a pattern emerging. Nevertheless, impaired attention, verbal memory, and 

performance IQ were the neuropsychological domains most frequently involved in 

preterm children with suspect-abnormal outcomes in multiple neuropsychological 

domains. Previously, these functions have been identified as being affected by 

prematurity,18,19 but they now also appear to be affected in combination with 

impairments in other neuropsychological domains. Previous studies also reported 
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that neuropsychological impairments are found in preterm children with poor 

intellectual development.9,20 Our study confirmed these findings by showing that 

most preterm children with low IQs had multiple neuropsychological impairments. 

Interestingly, when comparing the preterm profile to the profile of controls, 

specifically low performance IQ was more frequently accompanied by additional 

neuropsychological impairments in the preterm group, but not for instance attention 

or verbal memory. Perhaps preterm-born children cannot compensate sufficiently 

for other multiple impaired neuropsychological domains to achieve a normal 

performance IQ while full-term born children can. If only one domain is impaired 

then both preterm and control children can compensate sufficiently to achieve a 

normal performance IQ. A substantial group of preterm children remained who 

had suspect-abnormal outcomes in one or more domains in the absence of low 

IQs. Others also stated that very preterm children can be at risk for neurocognitive 

impairment despite average intelligence.10,11 Therefore, our study suggests that 

including only general intellectual development in a follow-up program for preterm 

children may wrongfully classify a preterm child as developing normally thereby 

missing possible specific neuropsychological problems.

In our study the number of suspect-abnormal neuropsychological domains was 

clearly related to academic achievement. We know that up to half of former very 

low birth weight infants require special assistance in school.21 Learning difficulties 

typical for preterm children, e.g. in the field of reading, spelling, mathematics, or 

writing can be independent of IQ scores.5,22 It may well be that combinations of 

problems in neuropsychological functions as found here, such as attention and 

visuomotor integration underlie such learning difficulties.

Regarding neonatal characteristics, we found that birth weight was related to 

the neuropsychological profile of preterm children. There is an inverse relation 

between birth weight and intellectual development in preterm-born children.18 

Moreover, increased rates of neurocognitive impairments such as problems in 

attention, executive functioning, and a decline in school achievement occur with 

decreasing birth weight.5,21,23 Our study adds that birth weight also affects the 

number of neuropsychological domains affected at school age.

Several characteristics of preterm brain development may be involved in the 
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underpinnings of these neuropsychological profiles at school age. First, disruption 

of processes of brain connectivity such as synaptogenesis and corticogenesis that 

normally occur in the intra-uterine environment, can lead to structural changes 

in brain organization in preterm children that persist into young adulthood.24-26 In 

addition to alterations in brain development, perinatal brain injury also affects brain 

maturation processes.27 Particularly the white matter of preterm infants is vulnerable 

to damage, for example from inflammatory responses in case of sepsis.28 These 

disruptions and alterations in brain development may have several functional 

implications. For example, diminished cortical volumes have been related to 

lower intellectual development,29 altered pathways of brain activation to attention 

allocation,30 and disturbed connectivity between posterior brain regions and the 

prefrontal cortex to worse executive functions in preterm children.31 Nevertheless, 

the direct functional implications of combinations of these processes, and how 

they lead to specific neuropsychological profiles at a later age, remain poorly 

understood. 

This study was limited by a relatively small sample size. To increase the power 

of our study, we included twice as many controls as preterm children. Preterm 

and control children were not prospectively matched, which led to an imbalance 

in gender and a trend towards lower socioeconomic status in the preterm group. 

Low socioeconomic status is known to be involved in the etiology of prematurity. 

We cannot elucidate the potential role of lower socioeconomic status in the 

development and persistence of neuropsychological impairments in the preterm 

children of our study although after correction for socioeconomic status our 

results did not change. In our study, verbal memory and attention had two different 

parameters that each measured specific aspects of these functions. Children were 

classified suspect or abnormal if either one of the two was suspect or abnormal, 

which may have led to an inflation of the number of children being classified as 

such compared to other domains that were based on a single measure. Finally, 

this was an exploratory study in which we chose to test those neuropsychological 

functions that have been reported to be poorer in preterm born children. Due 

to limited attention span of the children, we were unable to test all possible 

neuropsychological functions, leaving out e.g. language functions.
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In conclusion, a majority of preterm children had suspect-abnormal outcomes on 

multiple neuropsychological domains. There was no typical pattern of impairment 

in specific neuropsychological domains that distinguished preterm children from 

controls, though low performance IQ was characteristic of profiles including 

multiple neuropsychological impairments in preterm children but not in controls. 

The number of suspect-abnormal neuropsychological domains was related 

to worse academic achievement. This study points to the necessity of early 

identification of children at risk for complex neuropsychological profiles and raises 

the question of how to implement intervention strategies that could contribute to 

improving the outcome of these children. We recommend screening for a wide 

range of neuropsychological functions including verbal memory, attention and 

performance IQ, when performing neuropsychological diagnostics.
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The main aim of this thesis was to establish the motor, cognitive, and behavioral 

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

outcome. The secondary aims were i. to investigate the interrelationship between 

motor, cognitive, and neuropsychological development until school age in preterm 

born infants compared to healthy, term-born infants and ii. to relate perinatal and 

cerebral characteristics of newborn infants to long-term neurodevelopmental 

outcome. To this end, we determined the impact of several perinatal risk factors 

on long-term outcome. These ranged from persistent environmental pollutants, to 

which the whole population is exposed and that showed a mild effect on long-term 

neurodevelopmental outcome, to perinatal brain injury and systemic disease, to 

which only a minority of children is exposed, but that had a much greater impact 

on outcome at school age.

With regard to environmental pollutants we found that prenatal background 

exposure to organohalogen compounds (OHCs) correlated with neuropsychological 

functioning at 5 to 6 years of age in healthy Dutch children (Part 1, Chapter 2).1 

In particular, polybrominated diphenyl ethers (PBDEs) that are used extensively 

worldwide, correlated with motor performance, attention, visual perception, and 

behavior. In this explorative study, the first of its kind to examine this relationship, 

we found both negative and positive correlations between compounds and 

outcome. 

A more recent study by Herbstman et al. from the United States of America also 

found an association between PBDEs and outcome in children. They found that 

PBDE congeners were inversely related to neurodevelopmental indices such as 

the psychomotor and mental developmental index of the Bayley Scales of Infant 

Development and intelligence quotients in children at 1 to 6 years of age.2 They 

found a difference in mean intellectual developmental scores of 5 to 8 points in 

children who were in the highest 20% of prenatal exposure to PBDEs compared to 

those in the lower 80% of exposure. 

We did not find a relation between compounds and intellectual development. This 

may be explained by the fact that in the Unites States, concentrations of OHCs are 

at least 4 times higher than in Europe.3,4 In line with our study, a study by Gascon 

et al. from Spain found that exposure to PBDEs was related to reduced attention 
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in children.5 In contrast to our study, however, they found that exposure during 

childhood was related to outcome rather than prenatal exposure.

One of the potential mechanisms through which OHCs have an adverse effect on 

neurodevelopment is through interference with thyroid hormone signaling in the 

developing brain. Thyroid hormone plays a role in synaptogenesis and myelination 

in the developing brain during the prenatal and postnatal period.6 In addition, two 

other studies described an effect of organohalogens on neurotransmitter systems.7,8 

Finally, an in vitro study recently showed that primary fetal human neural progenitor 

cells exposed to the PBDEs BDE-47 and BDE-99 had decreased migration distance 

and reduced differentiation into neurons and oligodendrocytes.9

In future studies we should examine which of the correlations we found in our 

study can be confirmed in larger samples. It would also be interesting to perform 

a longitudinal follow-up study of children exposed to OHCs in order to investigate 

whether potential effects on neurodevelopment last throughout childhood 

and continue into adulthood. Finally, the isolated effects of specific OHCs and 

combinations of OHCs should be further investigated, as was done in the study 

by Gascon et al.5 

Subsequently, in Part 2 of the thesis, we determined the short-term and long-term 

outcome of newborn infants who suffered from overt types of brain injury in the 

perinatal and neonatal period. 

Firstly, we found that in preterm infants with periventricular hemorrhagic infarction 

(PVHI), mortality occurred in 30% of the infants despite optimal treatment (Chapter 

3).10 We also found that circulatory failure and maternal intrauterine infection in 

these infants were associated with an increased risk of mortality. Previously, these 

factors were described as risk factors for the emergence of PVHI11-13 but they also 

appear to increase the risk of mortality. In the survivors, we found that at 18 months 

of age motor development was abnormal in 66%, but functional abilities were 

good in the majority of surviving children. In this study the percentage of children 

who developed CP after PVHI was similar to that found in previous studies, i.e. 

ranging from 60% to 90%.14-17

Secondly, we performed a follow-up study at 4 to 12 years of age of preterm-

born children with PVHI in order to determine to what extent PVHI had an impact 
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on outcome at school age (Chapter 4).18 Again, we found that the majority of the 

surviving children who had suffered PVHI as infants had cerebral palsy with limited 

functional impairment at school age. Intelligence was within 1 SD of the norm of 

preterm-born children without lesions in 60% to 80% of the children. In particular 

verbal memory was affected. Behavioral problems and executive function 

problems occurred only slightly more compared to preterm infants without lesions. 

Previous studies showed no consensus on cognitive outcome in children with 

PVHI. The percentages of children with normal cognition range from only 20% up 

to 79%.15,19,20 In many studies on the long-term outcome of preterm-born children, 

children with severe brain injury, including PVHI, are often described as being on 

the worst end of the outcome spectrum and they have very poor prognoses.21-23 

In our cohort study of children with PVHI, however, we found that the functional 

abilities in the majority of children were rather good and that a majority of children 

was able to attend normal education. Our conclusion from these two studies is, 

therefore, that the functional outcome at school age of preterm-born children with 

periventricular hemorrhagic infarction is better than was previously thought.

To our surprise, in neither of our two studies were we able to relate the extent 

and localization of PVHI to functional outcome (Chapters 3 and 4). We only found 

that the most extended PVHIs (fronto-parieto-occipital) were associated with the 

development of CP at 18 months, but not with the severity of CP. Previous studies 

reported that more severe PVHIs and the presence of porencephaly are associated 

with poorer cognitive outcome.15,20,24 It is difficult to determine why we were unable 

to demonstrate such a relation. Small sample size, different medical interventions, 

or socioeconomic status may have been involved, while potential interindividual 

differences in the ability to recover from such a lesion may also have played a 

role.

In Chapter 5 we studied the outcome of term-born infants with seizures who 

required multiple anti-epileptic drugs (AEDs). We found a mortality rate of 38%. 

In the survivors, motor development was normal in around a third of the children, 

a third had minor neurological abnormalities and a third had major neurological 

abnormalities. In addition, we found that outcome was poorer if seizure control 

failed, whilst the etiology of the seizures and the number of AEDs required to reach 
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seizure control had limited prognostic value. We speculate that the severity of 

cerebral injury is the keystone of a poor response to AEDs. Additionally, it may also 

be that the seizures themselves are harmful to the brain. Previous studies stated 

that neonatal seizure as such may have a disruptive effect on brain development 

in infants.25-27 Others found the number and duration of seizures to be predictive of 

poor outcomes.28-31 This phenomenon possibly explains why we found that failing 

to achieve seizure control was associated with worse outcome.

The studies in Part 2 showed to what extent brain lesions in newborn infants can 

affect motor, cognitive, and behavioral outcome at school age and how treatment-

related factors are involved. Already in the neonatal period the question arises to 

what extent brain lesions will influence later neurodevelopment of children. 

In the final chapter of Part 2, our aim was to determine the prognostic value of an 

advanced magnetic resonance imaging (MRI) technique for motor development 

in newborns with focal perinatal brain injury (Chapter 6). We also aimed to 

determine the added value for clinical practice of tractography to conventional 

MRI in predicting motor outcome. We found that the diffusion characteristics 

of corticospinal tracts of infants with focal perinatal injury (i.e. either arterial 

ischemic stroke or hemorrhagic parenchymal infarction, equivalent to PVHI) were 

prognostic for subsequent normal motor development, mild motor asymmetry or 

the development of a hemiplegia. Particularly, the added value of tractography 

to conventional MRI is that it identifies children who developed mild motor 

asymmetries. We speculated that the asymmetries that we found in volume, 

fractional anisotropy, and radial diffusivity of corticospinal tracts observed in 

infants who developed motor impairments may be early markers of the progressive 

disintegration of fibers due to Wallerian degeneration. Wallerian degeneration is 

the anterograde degeneration of axons and myelin sheaths after proximal axonal 

or cell body injury.32,33 It thus seems that advanced MRI techniques that study the 

diffusion properties of water in different brain regions may have the potential of 

providing early prognostic information for functional outcome in newborn infants 

with brain lesions, including mild impairments.

In Part 3 of the thesis we studied the functional outcome at school age of preterm 

and term-born infants who suffered systemic diseases in the neonatal period. 
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These diseases included necrotizing enterocolitis (NEC), spontaneous intestinal 

perforations (SIP), sepsis, and surgically treated intestinal obstructions. Off-hand 

one would perhaps not expect these diseases to have a direct effect on motor, 

cognitive, and behavioral functioning in later life. Nevertheless, we found that they 

led to functional impairments at school age.

In the first study we found that 68% of the newborn infants with NEC or SIP 

had borderline or abnormal motor outcomes as measured with the Movement 

Assessment Battery for Children. On average, their intelligence was 11 intelligence 

quotient (IQ) points lower than matched control children without gastrointestinal 

diseases. In addition, their attention and visual perception was impaired (Chapter 

7). In the second study on preterm-born infants with late-onset sepsis we also 

found that 68% of the children had borderline or abnormal motor outcomes. On 

average, their intelligence was 9 IQ points lower than matched control children 

without late-onset sepsis and their attention and verbal memory was affected 

(Chapter 8). The final cohort we investigated in Part 3 consisted mostly of term-

born infants treated surgically for intestinal obstructions in the first days of life 

(Chapter 9). In these children we also found functional impairments at school age 

albeit to a lesser extent. Of the included children, 33% had borderline or abnormal 

motor outcomes, compared to 15% in a reference population. In addition, 

selective attention was affected, whilst global cognitive development and other 

neuropsychological functions were preserved.

The potential mechanism in these systemic diseases that is responsible for the 

functional impairments we found at school age, is multifactorial with a key role for 

neuroinflammation. In systemic diseases leading to inflammation there is cross-

talk between the central nervous system and the periphery.34 The emergence 

of, for example NEC, SIP, and sepsis initially lead to a systemic inflammatory 

response. Subsequently, pro-inflammatory cytokines are released by the activation 

of microglial cells in the brain. These cytokines inhibit proliferation of neuronal 

precursor cells and contribute to damage to the pre-oligodendrocytes that play 

an important role in the myelination of the brain.35-37 The increased permeability 

of the blood-brain barrier during inflammation further increases the susceptibility 

of the brain to this inflammatory response.38 In addition, these ill infants are at 
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risk of respiratory and circulatory insufficiency that can lead to hypotension 

and subsequent hypoxemia and ischemia of brain areas. It was suggested 

recently that systemic cytokines are related to a disturbance in cerebrovascular 

autoregulation and diminished cerebral blood flow.36,39 These events may lead to 

a cascade of reactions in the brain, including the release of reactive oxygen and 

nitrogen species.40 Indeed, previous studies showed that NEC, SIP, and sepsis are 

associated with an increased risk of overt, but also more subtle and diffuse, white 

matter abnormalities.41,42

In the children with surgically treated intestinal obstructions in the neonatal 

period, who were mostly term-born, inflammation presumably also played a role 

albeit to a lesser extent. We suggest that physiological stress during surgery, and 

anesthesia-related factors may lie at the basis of their impairments. In an animal 

study it was found that the use of anesthesia during the cerebral growth spurt 

can lead to neuro-apoptosis and an adverse long-term behavioral outcome.43 In 

addition, there are maturational processes of neuronal riping and outgrowth which 

normally occur from birth until years postnatally that are potentially susceptible 

to injury from anesthetic agents. In term-born infants suffering from brain injury, a 

different pattern is observed compared to preterm-born infants. At this stage of 

brain development it is the central grey matter regions, especially the basal ganglia 

and thalami, which are specifically vulnerable to hypoxic–ischaemic injury. To date, 

it is unknown if these structures are also affected in term-born infants that undergo 

surgery. 

Interestingly, in children with NEC and SIP we also found that surgical treatment 

was a risk factor for adverse outcome. Whether the harmfull effects of anesthetics 

on the brain and physiological stress during surgery are the result of the same 

pathophysiological processes in preterm and term-born infants is an important 

topic of future studies. 

Parenteral nutrition and prolonged nutritional deficiencies have previously also 

been described as risk factors for adverse outcome, particularly for cognition and 

learning at pre-school age.44 Nutritional problems may have played a role in all 

three studies.
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From the studies described in Parts 2 and 3 it is apparent that both overt brain 

lesions and more diffuse, inflammation driven types of brain injury can contribute to 

functional impairments at school age. Table 1 summarizes the main findings of the 

different studies. It shows that most motor problems were found in children with 

PVHI. In addition to the data shown in the table, in this cohort 76% of the children 

developed CP compared to only 33% in the children with convulsions, 15% in the 

children with NEC and SIP, 16% in the children with late-onset sepsis, and none 

of the children with intestinal obstructions. With regard to cognitive outcomes, 

however, the differences between the different cohorts were less pronounced. 

Particularly when comparing children with PVHI to children with NEC, SIP, and 

late-onset sepsis the differences in IQs were only 3 and 6 points, respectively (see 

Table 1). The impairments in neuropsychological functions, although in different 

domains, also were of fairly similar magnitude. 
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It is difficult to determine why motor functioning is affected most in children with 

PVHI, whilst cognitive functioning is affected to a similar extent in both preterms 

with systemic disease and overt brain lesions. In PVHI there is a germinal matrix 

hemorrhage that causes pressure on the periventricular terminal vein that drains 

the cerebral hemisphere.25 This leads to venous congestion in the periventricular 

white matter and subsequently to ischemia and hemorrhage resulting in local 

destruction of brain tissue of variable magnitude. In the local destruction of tissue 

caused by PVHI it may be that the corticospinal tract, which plays a central role in 

motor functioning, is involved more often whilst this is the case less often in preterm 

infants with systemic disease. How perinatal brain injury can lead to impairments in 

cognitive functioning is less well understood. What we do know is that disruptions 

in white matter involving myelination and dendritic connections have an impact 

on cortical circuits connecting different brain regions and this impact has been 

related to cognitive functions. For example, disruptions of the circuitry connecting 

frontal, striatal, and thalamic regions have been associated with dysregulation of 

attention.45 In addition, potentially as a result of decreased connectivity, reduced 

gray matter volumes have also been related to cognitive functions. For example, 

intellectual development has been correlated particularly with gray matter volumes 

of the sensorimotor cortex, midtemporal cortex, and corpus callosum.46,47 Finally, 

deep gray matter structures are related to neuropsychological functions such as 

reduced hippocampal volume that is associated with memory deficits.48

Global, diffuse white matter injury, which is the most common type of brain injury 

in the preterm infant, lies at the basis of these changes in brain connectivity and 

regional volumes and is responsible for the deficits in functional outcome.49 Among 

a number of previous studies, a recent paper by Volpe et al. pointed out that pre-

oligodendrocytes are the principal cellular target in cerebral white matter injury, 

the most important form of brain injury and subsequently of neurological disability 

in preterm infants.50 In their paper, Volpe et al. state that primary injury to pre-

oligodendrocytes relates to a confluence of maturation-dependent characteristics 

that render these cells vulnerable to two principal upstream mechanisms, hypoxia-

ischemia and systemic infection or inflammation. These upstream mechanisms 

converge on three interacting downstream mechanisms, i.e. microglial activation, 
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excitotoxicity, and ultimately, free radical attack that contribute to neuronal 

damage.50 We speculate that hypoxic-ischemic injury and inflammation played a 

role in both the preterm-born children with PVHI and systemic disease. Some 

previous studies also speculated on a potential association between germinal-

matrix hemorrhage and PVHI and diffuse white matter injury.51,52 We present 

a schematic overview of a proposed mechanism contributing to functional 

impairments in these children in Figure 1. Exact mechanisms and how these 

processes lead to functional impairments should be the focus of future studies.

Figure 1 Proposed mechanism of brain injury leading to functional impairments in 

preterm infants with periventricular hemorrhagic infarction and systemic diseases

In Part 4, we studied the interrelation between various aspects of neurodevelopment. 

In the first study (Chapter 10) we determined the stability of scores obtained on tests 

of motor development from birth until school age in healthy, term-born singletons. 

The results showed that in a cohort of healthy children motor developmental 

trajectories varied considerably. Moreover, the added value of early assessments 

of motor development for later cognitive function was limited. These results led us 

to believe that a single abnormal test result at a certain age in an individual child at 

risk of developmental delay, such as a preterm-born child, should be interpreted 

Systemic inflammation Ischemia/reperfusion

Neuroinflammation IVH/PVHI

Global diffuse white matter injury Focal brain injury

Cognitive impairments Motor impairments

Blood-brain barrier
crosstalk
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cautiously. The effect of a risk factor on development must be quite large to come 

to light at every assessment until school age. If a certain risk factor only has a 

moderate impact on development, it may soon be counteracted by factors that 

are known to have an important impact on development. Cases in point identified 

in our study were maternal SES and verbal intelligence, but possibly other factors 

as well that have yet to be discovered.

In the second study (Chapter 11) we established the neuropsychological 

profiles at school age in very preterm-born children compared to the profiles of 

term-born children. We found that a majority of preterm children had multiple 

neuropsychological impairments. We could not confirm a neuropsychological 

profile typical for preterm children, although we did find that performance IQ 

was characteristic of profiles including multiple neuropsychological impairments 

in preterm children but not in controls. Moreover, we found an inverse relation 

between birth weight and the number of neuropsychological domains that were 

affected. This phenomenon has not been described before. We speculate that 

differences in neuropsychological profiles between preterms and controls may 

reflect an altered organization of brain structures in preterm children, presumably 

mediated by white matter injury. 

The studies described in this thesis were subject to potential limitations. First, 

they were single-center studies. Their generalizability to other centers needs to 

be established. In addition, due to the limited attention span of the children, we 

were unable to test all possible neuropsychological functions that may be affected 

by perinatal risk factors leaving out language functions, for example. We chose a 

school age test battery that included most of the functions that may be affected by 

preterm birth and perinatal brain injury. Finally, in most of the studies, neuroimaging 

consisted of cranial ultrasonography in the neonatal period only. Although cranial 

ultrasonography is a reliable method for diagnosing most overt brain lesions in the 

neonatal period, including PVHI,14,53 we may have missed additional, more subtle 

lesions that may also have had an impact on neurodevelopmental outcome.
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Conclusion and Future Perspectives

This thesis provides insight into the question to what extent certain risk factors 

encountered during the perinatal period have an impact on functional outcome at 

school age. The proposed pathophysiological mechanisms were different for the 

various risk factors and they were often complex and multifactorial. Environmental 

pollutants mainly interfere with normal brain development by affecting hormone 

systems involved in synaptogenesis and myelination of neurons. They led to a mild 

effect on long-term outcome within the normal range. In preterm-born children 

with systemic disease, neuroinflammation lies at the basis of disrupting normal 

development, whilst in preterm-born children with overt types of brain lesions 

both local destruction of tissue and diffuse white matter injury may have played 

a role in the functional impairments we found at school age. This thesis touches 

on the question of the exact pathophysiological mechanisms responsible for the 

long-term functional impairments, a question that should be the focus of future 

studies.

One question remains: why did some children in our study have more favorable 

outcomes at school age than others who had similar clinical diseases in the 

neonatal period? We hinted at environmental factors that play a role in functional 

development, such as maternal intelligence and socioeconomic status, possibly 

contributing to cognitive development in children (Chapter 10). But also other, less 

well understood factors such as genetic factors for susceptibility and recovery of 

brain disruptions, may be involved.54,55 

A better understanding of factors that play a role in the development and recovery 

from brain injury could guide future intervention attempts aimed at improving the 

long-term outcome of newborn infants suffering from perinatal brain injury. More 

recently, potential interventions to improve outcome have become a focus of 

research. These include intervention strategies providing neuroprotection, neural 

recovery or neurogenesis by means of cerebral plasticity. They can be deployed at 

a neurobiological level such as administrating anti-inflammatory and anti-apoptotic 

drugs, growth factors, and hypothermia in the early neonatal period following 

perinatal brain injury.56-58 Additionally, numerous studies developed a variety of 
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intervention strategies at a functional level. Several aspects of early development 

such as motor, cognitive, and behavioral development, as well as mother–infant 

interaction, are emphasized depending on the outcomes targeted.59 To date, 

early developmental interventions have been unable to show a lasting effect on 

motor outcome in preterm-born children. Regarding cognitive development, they 

have reported positive short-term effects but these benefits were not persistent 

throughout school age.59 Future research should investigate which newborn infants 

at risk for adverse outcome will benefit most from intervention strategies, which 

aspects of the different programs are most useful, and how these programs can 

be implemented cost-effectively.

Based on the findings of this thesis, we advocate that close follow-up of newborn 

infants with a complicated neonatal history is all-important. Follow-up should 

not only include children who suffered from perinatal brain injury but should also 

include children who suffered systemic diseases in the neonatal period. Moreover, 

children should be assessed at various ages until school age, since developmental 

impairments may not come to light at every assessment (Chapter 10), or may 

only come to light by the time children start going to school. The assessment 

battery should include several aspects of neurocognitive functioning, for example, 

attention and visuomotor skills. Limiting the follow-up program for preterm children 

to include only the assessment of general intellectual development may wrongfully 

classify a preterm-born child as developing normally. Specific neuropsychological 

problems may be missed in so doing (Chapter 11). We therefore recommend that 

measures of motor, intellectual, neuropsychological, and behavioral functioning be 

included in the follow-up program. Finally, MRI not only during the neonatal period, 

but also during follow-up may help to visualize pathophysiological mechanisms 

responsible for functional impairments. MRI should, therefore, be incorporated in 

neurodevelopmental assessment whenever possible. 

Adequate follow-up of newborn infants leads to the timely identification of 

functional impairments and in so doing creates the earliest possible opportunity 

for intervention.
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Summary in English

The main goal of this thesis was to establish the functional outcome of newborn 

infants with perinatal risk factors of adverse outcome. The functional outcome 

indicates the motor, cognitive, and behavioral skills and abilities that are relevant 

for functioning in daily life. To this end, we studied the impact of risk factors ranging 

from prenatal exposure to environmental pollutions to neonatal systemic diseases 

and overt brain lesions on long-term, school age outcome.

In Part 1 we studied the functional outcome of infants exposed prenatally to 

environmental pollutants. We found that transplacental transfer of polybrominated 

flame retardants was associated with the development of children at school 

age. Brominated flame retardants correlated with worse fine manipulative 

abilities, worse attention, better coordination, better visual perception, and better 

behavior. Chlorinated organohalogens correlated with less choreiform dyskinesia. 

Hydroxylated polychlorinated biphenyls correlated with worse fine manipulative 

abilities, better attention, and better visual perception. The wood protective agent 

correlated with worse coordination, less sensory integrity, worse attention, and 

worse visuomotor integration. Because of the widespread use of these compounds 

our findings cause serious concern (Chapter 2).

In Part 2 we determined the functional outcome of newborn infants with brain 

injury. We found that in 54 preterm infants born <37 weeks of gestation with 

periventricular hemorrhagic infarction (PVHI), mortality occurred in 30%. Of the 

survivors, 66% developed cerebral palsy, which was mild in 21 children (Gross 

Motor Function Classification System (GMFCS) levels I and II) and moderate to 

severe in 4 (levels III and IV). Use of inotropics and maternal intrauterine infection 

were independent predictors for mortality (odds ratio (OR) 31.2, 95% confidence 

interval (CI) 2.6-373, p<.01 and OR 12.2, 95% CI 1.2-127, p<.05 respectively). 

In survivors, only the most extended form of PVHI was associated with the 

development of cerebral palsy (OR>4.7, p<.005), but not with severity of cerebral 

palsy. Cystic periventricular leukomalacia and concurrent grade III germinal matrix 

hemorrhage were associated with more severe cerebral palsy. We concluded from 
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this study that in preterm infants with PVHI, mortality occurred despite optimal 

treatment and was associated with circulatory failure and maternal intrauterine 

infection. In survivors, motor development was abnormal in 66%, but functional 

abilities were good in the majority. Extension and localization of the PVHI were not 

clearly related to functional outcome (Chapter 3). 

We then studied the functional outcome at school age of preterm infants with 

PVHI. Of 38 infants, 15 (39%) died. Twenty-one of 23 survivors were included 

in the follow-up. Four were neurologically normal, 1 had minor neurological 

dysfunction, 13 had unilateral spastic cerebral palsy (CP), and 3 bilateral CP. 

Coordination, associated movements and fine manipulative abilities were affected 

most according to the neurological examination. The GMFCS was level I in 7 

children, level II in 7 children, level III in one child, and level IV in 2 children. The 

Manual Ability Classification System score was normal in 4 children, level I in 8 

children, level II in 7 children, and level III in 2 children. The mean and median total 

intelligence quotient (IQ) was 83 (range 55-103, standard deviation (SD) 11). Visual 

perception was normal in 88%, visuomotor integration was normal in 74% and 

verbal memory was normal in 50% of the children. Behavior was normal in 53% 

and executive functions were normal in 65% and 29% (parents and teachers). 

Characteristics of the PVHI were not related to functional motor outcome and 

intelligence. Posthemorrhagic ventricular dilatation was a risk factor for poorer 

total and performance intelligence and abnormal fine manipulative abilities. We 

concluded from this study that the majority of surviving preterm children with 

PVHI had CP with limited functional impairment at school age. Intelligence was 

within 1 SD of the norm of preterm children without lesions in 60% to 80% of 

the children. Verbal memory, in particular, was affected. Behavioral and executive 

function problems occurred slightly more than in preterm infants without lesions. 

The functional outcome at school age of preterm children with PVHI was better 

than previously thought (Chapter 4). 

We also studied the outcome of 82 term-born infants with seizures that required 

two or more anti-epileptic drugs (AEDs) and determined whether treatment efficacy 

and/or the underlying disorder were related to neurological outcome. We found that 

47 infants (57%) had status epilepticus. The number of AEDs was not related to 
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neurological outcome. Treatment with three or four AEDs as opposed to two showed 

a trend towards an increased risk of a poor outcome, i.e. death or CP, (OR 2.74; 95% 

CI 0.98-7.69, p=.055). Failure to achieve seizure control increased the risk of poor 

outcome (OR 6.77; 95% CI 1.42-32.82, p=.016). Persistently severely abnormal aEEG 

background patterns also increased this risk (OR 3.19; 95% CI 1.90-5.36, p<.001). 

In a multivariate model including abnormal aEEG background patterns, failure to 

achieve seizure control nearly reached significance towards an increased risk of poor 

outcome, (OR 5.72, 95% CI 0.99–32.97, p=.051). We found no association between 

seizure aetiology and outcome. We concluded from this study that in term-born 

infants with seizures that required two or more AEDs outcome was poorer if seizure 

control failed. The number of AEDs required to reach seizure control and seizure 

aetiology had limited prognostic value (Chapter 5). 

We then describe an advanced magnetic resonance imaging (MRI) technique, 

diffusion tensor imaging, to assess diffusion characteristics of the corticospinal 

tracts in 20 newborn infants with focal neonatal ischemic brain lesions compared 

to 21 healthy term controls. Conventional MRI was able to predict normal motor 

development (n=9) or a unilateral spastic cerebral palsy (n=6). In children who 

developed a mild motor asymmetry (n=5), conventional MRI predicted a unilateral 

spastic cerebral palsy in 2 and normal motor development in 3 infants. The asymmetry 

indices for tract volume, fractional anisotropy, apparent diffusion coefficient and 

radial diffusivity showed a significant difference between controls and infants who 

developed a unilateral spastic cerebral palsy and radial diffusivity also showed 

a significant difference in asymmetry index between controls and infants who 

developed a mild asymmetry. We concluded from this study that conventional MRI 

was able to predict subsequent normal motor development or unilateral spastic 

cerebral palsy following focal injury in newborn infants. Measures of radial diffusivity 

obtained from diffusion tractography may offer additional information for predicting 

a subsequent asymmetry in motor function (Chapter 6).

 

In Part 3 we determined the functional outcome of preterm and term-born 

infants with systemic diseases in the neonatal period and we studied the role of 

inflammation on development at school age. First, we determined motor, cognitive, 
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and behavioral outcome at school age of children that had either necrotizing 

enterocolitis (NEC) or spontaneous intestinal perforation (SIP). We included 52 

of 65 survivors for follow-up. At mean age 9 years we found that 68% of the 

children had borderline or abnormal scores on the Movement Assessment Battery 

for Children (versus 45% of controls). Their mean total intelligence quotient (IQ) 

was 86±14 compared to 97±9 in the controls. Additionally, attention and visual 

perception were affected (p<.01 and p=.02). In comparison to controls, surgically 

treated children were at highest risk for adverse outcome. In conclusion, we found 

that at school age the motor functions and intelligence of many children with 

NEC or SIP were borderline or abnormal and, specifically, attention and visual 

perception were impaired. We stated that children with NEC or SIP form a specific 

risk-group for functional impairments at school age even though the majority did 

not have overt brain pathology (Chapter 7). 

We then determined the motor, cognitive, and behavioral outcome at school age of 

preterm children with late-onset sepsis compared to matched controls. At 6-9 years, 

21 of 32 children with late-onset sepsis (68%) had borderline or abnormal motor 

outcome with most problems in fine motor skills. Their total IQ was 89 compared 

to 98 in controls. In addition, verbal memory and attention were affected more 

often compared to controls (0.61 SD, 95% CI 0.04-1.17, p=.033 and 0.94 SD, 95% 

CI 0.32-1.62, p=.011, respectively). Multiple episodes of sepsis and gram-negative 

sepsis were risk factors for worse cognitive outcome. We concluded that at school 

age, a majority of preterm children with late-onset sepsis had motor problems. 

Their IQ was considerably lower than matched controls, and memory and attention 

were specifically impaired. Outcome at school age of preterm children with late-

onset sepsis was worse than previously thought (Chapter 8). 

Finally, we established the outcome at school age of newborn infants with intestinal 

obstructions treated surgically during their first days of life. Of 44 children, three (7%) 

died. Twenty-seven survivors (66%) were included for follow-up (median gestational 

age 36.7 weeks, birth weight 3000 grams). Motor outcome was abnormal (<5th 

percentile) in 22% of the children. This was worse than the reference population 

(p<.01). Scores on selective attention were abnormal in 15% of the children (p<.01). 

Other cognitive functions were not affected. Lower birth weight and intestinal 
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perforation were risk factors for poorer motor outcome (r2=0.53) while intrauterine 

growth restriction was a risk factor for poorer selective attention (r2=0.366). We 

concluded that children treated surgically for intestinal obstructions in the neonatal 

period had an increased risk for poor motor functioning and selective attention at 

school age. Low birth weight, IUGR, and intestinal perforation were risk factors for 

adverse outcomes. We recommended to closely follow the motor and attentional 

development of these children (Chapter 9).

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

association between various developmental domains in preterm-born and term-

born children (Part 4). First, we described developmental trajectories of 77 healthy 

term-born children until school age. We found that the mean absolute difference 

in standardized motor scores over all time points was 1.01 SD. Only the explained 

proportions of variance of maternal socioeconomic status (SES) and verbal 

intelligence were significant for sustained attention and verbal memory (r2=0.104, 

p=.030 and r2=0.074, p=.027 respectively). The children’s scores on early motor 

tests added little value for their motor and cognitive development at school age. 

We concluded that in healthy children the stability of motor development from 

birth until school age is low. Maternal SES and verbal intelligence rather than the 

infants’ scores on early motor tests signified added value for complex cognitive 

functions at school age (Chapter 10). 

In the final chapter we established the neuropsychological profiles at school age 

of a cohort of very preterm-born children compared to term-born controls. We 

found that at mean 8.8 years, 55% of preterm children had suspect-abnormal 

neuropsychological outcomes in multiple (≥2) domains, versus 25% of the controls 

(OR 3.67, 95% CI 1.90-7.06). In preterm children with multiple impairments, verbal 

memory, attention, and performance IQ were mostly affected. No typical pattern 

of co-occurrence of neuropsychological impairments was specific to preterm 

children, except for those that included low performance IQ (OR 5.43, 95% CI 1.75-

16.81). The higher the number of suspect-abnormal neuropsychological domains, 

the worse the academic achievement (p<.01). We concluded from this study that 

a majority of preterm children had multiple neuropsychological impairments. Low 
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performance IQ was characteristic of profiles including multiple neuropsychological 

impairments in preterm children but not in controls. We speculated that differences 

in neuropsychological profiles between preterms and controls may reflect an 

altered organization of brain structures in preterm children (Chapter 11).

The studies as reported in this thesis provided insight in to what extent certain 

risk factors from the perinatal period have an impact on functional outcome at 

school age. The proposed pathophysiological mechanisms were different for the 

various risk factors and they were often complex and multifactorial. Environmental 

pollutants mainly interfere with normal brain development by affecting hormone 

systems involved in synaptogenesis and myelination of neurons. They led to a mild 

effect on long-term outcome within the normal range. In preterm-born children 

with systemic disease, neuroinflammation is at the basis of disruption of normal 

development whilst in preterm-born children with overt types of brain lesions 

both local destruction of tissue and diffuse white matter injury may have played a 

role in the functional impairments we found at school age. Based on the findings 

of this thesis, we advocate that newborn infants with a complicated neonatal 

period should be followed up closely until school age. We recommend to include 

measures of motor, intellectual, neuropsychological and behavioral functioning in 

a follow-up program. Adequate follow-up of newborn infants could lead to the 

early identification of functional impairments so as to identify opportunities for 

early intervention.
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Nederlandse samenvatting

Het hoofddoel van dit proefschrift was het vaststellen van de functionele 

ontwikkeling op schoolleeftijd van pasgeboren kinderen met perinatale 

risicofactoren voor een gestoorde ontwikkeling. Hierbij gaat het om de motorische, 

cognitieve en gedragsmatige ontwikkeling die het functioneren beïnvloeden. Om 

dit te onderzoeken hebben we de invloed van verschillende risicofactoren op de 

ontwikkeling bepaald, variërend van prenatale blootstelling aan neurotoxische 

milieuverontreinigende stoffen tot systemische ziekten en verschillende cerebrale 

laesies die op kunnen treden in de neonatale periode. 

In Deel 1 van het proefschrift hebben we de functionele uitkomst bestudeerd 

van kinderen die prenataal blootgesteld zijn aan vlamvertragers. We vonden dat 

de transplacentaire overdracht van gebromeerde vlamvertragers geassocieerd 

is met de ontwikkeling van kinderen op schoolleeftijd. Gebromeerde 

vlamvertragers correleerden met een slechtere fijne motoriek, een slechtere 

aandacht, een betere coördinatie, een betere visuele perceptie en beter gedrag. 

Gechloreerde organohalogenen correleerden met minder choreiforme dyskinesie. 

Gehydroxyleerde, gechloreerde bifenylen correleerden met een slechtere 

fijne motoriek, een betere aandacht en een betere visuele perceptie. De hout 

beschermende stof PCP correleerde met een slechtere coördinatie, vermindering 

van sensore integriteit, een slechtere aandacht en een slechtere visuomotore 

integratie. Deze stoffen worden wereldwijd op grote schaal toegepast. We 

concluderen daarom dat deze bevindingen leiden tot zorg (Hoofdstuk 2).

In Deel 2 van het proefschrift hebben we de functionele ontwikkeling van 

pasgeboren kinderen met cerebrale laesies onderzocht. Allereerst vonden we 

een sterfte van 30% bij prematuur geboren kinderen (zwangerschapsduur <37 

weken) met een cerebraal veneus infarct (n=54). Van de overlevers ontwikkelde 

66% een cerebrale parese. Deze was mild bij 21 kinderen (Gross Motor Function 

Classification System (GMFCS) niveau I en II) en matig tot ernstig bij 4 kinderen 

(niveau III en IV). We vonden dat het gebruik van inotropica en de aanwezigheid 

van maternale intra-uteriene infectie onafhankelijke voorspellers zijn voor sterfte 
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in deze groep (odds ratio (OR) 31.2, 95% betrouwbaarheidsinterval (BHI) 2.6-373, 

p<.01 en OR 12.2, 95% BHI 1.2-127, p<.05 respectievelijk). Bij de overlevers was 

alleen de meest uitgebreide vorm van het veneus infarct geassocieerd met de 

ontwikkeling van cerebrale parese (OR>4.7, p<.005), maar niet met de ernst ervan. 

Cystische periventriculaire leukomalacie en het optreden van een graad III lamina 

germinalis bloeding waren wel geassocieerd met een ernstigere vorm van cerebrale 

parese. We concluderen naar aanleiding van deze studie dat sterfte bij prematuur 

geboren kinderen met een veneus infarct optrad ondanks optimale behandeling 

en geassocieerd was met circulatoir falen en maternale intra-uteriene infectie. 

Van de overlevers was de motorische ontwikkeling afwijkend bij 66%, hoewel 

de functionele mogelijkheden in de meerderheid goed waren. De uitgebreidheid 

en lokalisatie van het infarct waren niet duidelijk gerelateerd aan de functionele 

ontwikkeling van de kinderen (Hoofdstuk 3). 

Vervolgens hebben we de functionele ontwikkeling op schoolleeftijd onderzocht 

van prematuur geboren kinderen met een veneus infarct. Van 38 kinderen 

stierven er 15 (39%). Eenentwintig van de 23 overlevende kinderen werden 

geïncludeerd in de follow-up. Vier waren neurologisch normaal, 1 had minor 

neurological dysfunction, 13 hadden een unilaterale spastische cerebrale parese 

en 3 een bilaterale spastische cerebrale parese. De coördinatie, geassocieerde 

bewegingen en fijne motoriek van de kinderen was het meest aangedaan. De 

GMFCS score was bij 7 kinderen niveau I, bij 7 kinderen niveau II, bij 1 kind niveau 

III en bij 2 kinderen niveau IV. De Manual Ability Classification System score was 

bij 4 kinderen normaal, bij 8 kinderen niveau I, bij 7 kinderen niveau II en bij 2 

kinderen niveau III. Het gemiddelde en mediane intelligentie quotiënt (IQ) was 83 

(range 55-103, standaarddeviatie (SD) 11). De visuele perceptie was normaal bij 

88%, de visuomotore integratie was normaal bij 74% en het verbaal geheugen 

was normaal bij 50% van de kinderen. Het gedrag was normaal bij 53% en de 

executieve functies waren normaal bij 65% en 29% van de kinderen (ouders en 

leerkrachten). Karakteristieken van het veneus infarct waren niet gerelateerd aan 

de functionele motorische ontwikkeling en de intelligentie. Posthemorrhagische 

ventrikel dilatatie was een risicofactor voor een slechter totaal en performaal IQ 

en een abnormale fijne motoriek. We concludeerden uit dit onderzoek dat de 
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meerderheid van de overlevende kinderen met een veneus infarct een cerebrale 

parese ontwikkelt, hoewel de functionele beperkingen op schoolleeftijd gering zijn. 

Bij 60% tot 80% van de kinderen was de intelligentie binnen 1 SD van het IQ 

van prematuur geboren kinderen zonder deze cerebrale laesie. Vooral het verbaal 

geheugen was aangedaan bij deze groep. Het gedrag en de executieve functies 

waren iets vaker aangedaan dan bij prematuren zonder een veneus infarct. De 

functionele ontwikkeling op schoolleeftijd van prematuur geboren kinderen met 

een veneus infarct was beter dan wat voorheen gedacht werd (Hoofdstuk 4). 

Daarna hebben we de uitkomst onderzocht van 82 à terme geboren kinderen met 

convulsies, die daarvoor 2 of meer anti-epileptica (AEDs) nodig hadden. We hebben 

ook onderzocht of de effectiviteit van de behandeling en/of de onderliggende 

stoornis gerelateerd zijn aan de neurologische ontwikkeling. Zevenenveertig 

kinderen (57%) hadden een status epilepticus. Het aantal verschillende AEDs 

dat gebruikt is voor de behandeling van de convulsies was niet gerelateerd aan 

de neurologische ontwikkeling. We vonden wel een trend richting een slechtere 

uitkomst (sterfte of cerebrale parese) bij kinderen die met 3 of 4 middelen waren 

behandeld in vergelijking met kinderen die 2 middelen kregen (OR 2.74; 95% BHI 

0.98-7.69, p=.055). Het niet onder controle krijgen van de convulsies gaf ook een 

verhoogd risico op een slechte uitkomst (OR 6.77; 95% BHI 1.42-32.82, p=.016). 

Persisterende ernstig afwijkende aEEG achtergrond patronen droegen vooral bij 

aan een verhoogd risico (OR 3.19; 95% BHI 1.90-5.36, p<.001). In een multivariaat 

model waarin afwijkende aEEG achtergrond patronen werden meegenomen, kwam 

het niet onder controle krijgen van de convulsies eruit als trend voor een slechtere 

uitkomst (OR 5.72, 95% BHI 0.99–32.97, p=.051). Er bestond geen relatie tussen 

de oorzaak van de convulsies en de neurologische ontwikkeling. We concluderen 

uit dit onderzoek dat de uitkomst van à terme geboren kinderen met convulsies 

die daarvoor 2 of meer middelen kregen slechter was als de convulsies niet onder 

controle te krijgen waren. Het aantal AEDs die nodig waren om de convulsies onder 

controle te krijgen en de oorzaak van de convulsies hadden maar zeer beperkte 

prognostische waarde (Hoofdstuk 5). 

Tenslotte hebben we een geavanceerde MRI techniek gebruikt (diffusion tensor 

imaging) om de diffusie eigenschappen van de corticospinale baan te bestuderen 
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bij 20 pasgeboren kinderen met focale, ischemische neonatale hersenlaesies. We 

vergeleken de eigenschappen met die van 21 gezonde, à terme geboren controle 

kinderen. Conventionele MRI bleek in staat tot het voorspellen van een normale 

motorische ontwikkeling (n=9) of een unilaterale spastische cerebrale parese 

(n=6). Van de kinderen die een milde motorische asymmetrie ontwikkelden (n=5), 

voorspelde de conventionele MRI een unilaterale spastische cerebrale parese bij 

2 kinderen en een normale ontwikkeling bij 3 kinderen. De DTI asymmetrie indices 

voor corticospinale baan volume, fractionele anisotropie, gemiddelde diffusie 

coëfficiënt en radiale diffusiviteit lieten een significant verschil zien tussen controle 

kinderen en kinderen die een unilaterale spastische cerebrale parese hadden 

ontwikkeld. Daarnaast liet radiale diffusiviteit ook een significant verschil zien in 

asymmetrie index tussen controle kinderen en kinderen met een milde motorische 

asymmetrie. We concluderen daarom dat met behulp van conventionele MRI 

een goede voorspelling van normale motorische ontwikkeling of een unilaterale 

spastische cerebrale parese gegeven kan worden bij pasgeboren kinderen met 

focale hersenschade. Door middel van metingen van radiale diffusiviteit verkregen 

met DTI kan gedifferentieerd worden tussen kinderen die zich normaal ontwikkelen, 

een milde motorische asymmetrie ontwikkelen of een unilaterale spastische 

cerebrale parese ontwikkelen (Hoofdstuk 6).

In Deel 3 van het proefschrift hebben we de functionele uitkomst onderzocht van 

prematuur en à terme geboren kinderen met systemische ziekten in de neonatale 

periode. Eerst hebben we de motorische, cognitieve en gedragsmatige ontwikkeling 

op schoolleeftijd onderzocht van kinderen met necrotiserende enterocolitis (NEC) 

of een spontane geïsoleerde darmperforatie (SIP). We hebben 52 van de 65 

overlevers geïncludeerd voor follow-up. Op een gemiddelde leeftijd van 9 jaar 

vonden we dat 68% van de kinderen mild afwijkende of afwijkende scores had 

op de Movement Assessment Battery for Children (vergeleken met 45% van de 

controles). De gemiddelde intelligentie quotient (IQ) score was 86±14 vergeleken 

met 97±9 bij de controles. Daarnaast waren aandacht en visuele perceptie vaker 

aangedaan (p<.01 en p=.02). In vergelijking met de controles hadden geopereerde 

kinderen het hoogste risico op een gestoorde ontwikkeling. Concluderend vonden 
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we dat de motorische functies en intelligentie van veel kinderen met NEC en SIP 

aangedaan waren op schoolleeftijd. Kinderen met NEC en SIP vormen dus een 

specifieke risico groep voor functionele beperkingen op schoolleeftijd terwijl de 

meerderheid bij cerebrale beeldvorming geen grote cerebrale pathologie had 

(Hoofdstuk 7). 

Vervolgens hebben we de motorische, cognitieve en gedragsmatige ontwikkeling 

op schoolleeftijd onderzocht van kinderen met een late-onset sepsis vergeleken 

met gematchte controles. Op een leeftijd van 6-9 jaar hadden 21 van de 32 

kinderen met late-onset sepsis (68%) een mild afwijkende of afwijkende motorische 

ontwikkeling, met vooral problemen in de fijne motoriek. Het totale IQ was 89 

vergeleken met 98 bij de controles. Daarnaast waren het verbaal geheugen en 

aandacht ook aangedaan vergeleken met controles (0.61 SD, 95% BHI 0.04-1.17, 

p=.033 en 0.94 SD, 95% BHI 0.32-1.62, p=.011 respectievelijk). Meerdere episodes 

van sepsis en een gram-negatieve sepsis waren risicofactoren voor een slechtere 

cognitieve uitkomst. We concluderen daarom dat op schoolleeftijd de meerderheid 

van prematuur geboren kinderen met een late-onset sepsis motorische problemen 

had. Het IQ was aanzienlijk lager dan bij gematchte controles en het geheugen en 

de aandacht waren specifiek aangedaan. De ontwikkeling op schoolleeftijd van 

deze kinderen was slechter dan tot nu toe gedacht (Hoofdstuk 8). 

Tenslotte hebben we de ontwikkeling op schoolleeftijd vastgesteld van 

pasgeboren kinderen met darm obstructies die daarvoor geopereerd zijn in de 

eerste levensdagen. Van 44 kinderen stierven er 3 (7%). Zevenentwintig overlevers 

(66%) werden geïncludeerd in de follow-up (mediane gestatieduur 36.7 weken, 

geboortegewicht 3000 gram). De motorische ontwikkeling was afwijkend (<5e 

percentiel) bij 22% van de kinderen. Dit was slechter dan in een referentie 

populatie (p<.01). De scores op selectieve aandacht waren afwijkend bij 15% van 

de kinderen (p<.01). Er waren geen andere cognitieve functies aangedaan. Een 

lager geboortegewicht en darm perforatie waren risicofactoren voor een slechtere 

motorische uitkomst (r2=0.53) terwijl intra-uteriene groeivertraging een risicofactor 

was voor een slechtere selectieve aandacht (r2=0.366). We concluderen dat 

kinderen die in de neonatale periode geopereerd zijn aan een darmobstructie 

een verhoogd risico hebben op problemen van de motorische ontwikkeling en de 
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aandacht op schoolleeftijd. We bevelen daarom aan deze functies nauwgezet te 

vervolgen bij deze kinderen (Hoofdstuk 9).

Het laatste deel van het proefschrift richt zich op ontwikkelingsprocessen en de 

associatie tussen verschillende ontwikkelingsdomeinen bij prematuur en à terme 

geboren kinderen (Deel 4). Allereerst hebben we de ontwikkelingstrajecten tot op 

schoolleeftijd beschreven van 77 gezonde à terme geboren kinderen. We vonden dat 

het gemiddelde absolute verschil in gestandaardiseerde motorische scores tussen 

alle meetmomenten 1.01 SD bedroeg. Alleen de proportie verklarende variantie 

van maternale sociaal economische status (SES) en maternaal verbale intelligentie 

droegen significant bij aan volgehouden aandacht en het verbaal geheugen van de 

kinderen (respectievelijk r2=0.104, p=.030 and r2=0.074, p=.027). De motorische 

scores van de kinderen op eerdere motorische testen droegen weinig bij aan de 

voorspelling van hun motorische en cognitieve ontwikkeling op schoolleeftijd. We 

concluderen dat de stabiliteit in motorische ontwikkeling vanaf de geboorte tot 

aan schoolleeftijd bij gezonde kinderen laag is. SES en de verbale intelligentie van 

moeder zijn belangrijker dan de scores op motorische en neurologische tests voor 

het latere cognitieve functioneren van de kinderen (Hoofdstuk 10). 

In het laatste hoofdstuk hebben we de neuropsychologische profielen op 

schoolleeftijd onderzocht bij een cohort prematuur geboren kinderen (gestatieduur 

≤32 weken), in vergelijking met à terme geboren controles. Op een leeftijd van 

8.8 jaar had 55% van de prematuur geboren kinderen een mild afwijkende of 

afwijkende neuropsychologische ontwikkeling op meerdere (≥2) domeinen. Dit 

was slechts 25% bij de controles (OR 3.67, 95% BHI 1.90-7.06). Bij prematuur 

geboren kinderen met meerdere aangedane domeinen, waren vooral het 

verbaal geheugen, de aandacht en het performaal IQ aangedaan. We konden bij 

prematuren geen typisch patroon aantonen, wat betreft het gelijktijdig voorkomen 

van neuropsychologische beperkingen, hoewel het performaal IQ wel vaker in 

combinatie met andere domeinen was aangedaan (OR 5.43, 95% BHI 1.75-

16.81). Hoe meer domeinen er mild afwijkend of afwijkend waren, hoe slechter 

de schoolprestaties (p<.01). We concluderen daarom dat de meerderheid van 

prematuur geboren kinderen beperkingen had in meerdere neuropsychologische 
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domeinen. Een laag performaal IQ was karakteristiek voor profielen van prematuur 

geboren kinderen die op meerdere domeinen beperkingen hadden. Dit gold niet 

voor controles. We speculeren dat verschillen in neuropsychologische profielen 

tussen prematuren en controles verklaard kunnen worden door een veranderde 

organisatie van hersenstructuren bij prematuur geboren kinderen (Hoofdstuk 11).

De verschillende studies die in dit proefschrift zijn beschreven geven inzicht in 

de mate waarin bepaalde risicofactoren uit de perinatale periode de functionele 

ontwikkeling op schoolleeftijd kunnen beïnvloeden. De pathofysiologische 

mechanismen zijn verschillend voor de verschillende factoren en zijn vaak 

complex en multifactorieel. Milieuverontreinigende stoffen kunnen de normale 

hersenontwikkeling beïnvloeden door te interfereren met hormoonsystemen die 

een rol spelen bij de synaptogenese en myelinisatie van neuronen. Ze hadden een 

mild effect op de lange termijn uitkomst welke binnen de normale range viel. Bij 

prematuur geboren kinderen met systemische ziekten ligt neuroinflammatie aan 

de basis van verstoring van de normale hersenontwikkeling, terwijl bij prematuur 

geboren kinderen met ernstige hersenpathologie zowel lokale destructie van weefsel 

als diffuse witte stofschade een rol kan spelen bij de functionele beperkingen op 

schoolleeftijd. 

Op basis van de bevindingen van deze studies pleiten wij ervoor dat pasgeboren 

kinderen met een gecompliceerde periode vervolgd worden in hun ontwikkeling 

tot op schoolleeftijd. Zowel de motorische, intellectuele, neuropsychologische als 

gedragsmatige ontwikkeling zou vervolgd moeten worden. Adequate follow-up 

van pasgeboren kinderen kan leiden tot de vroege identificatie van functionele 

beperkingen die mogelijk interventie vereisen.
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ADC	 	 apparent	diffusion	coefficient

ADHD		 	 Attention	Deficit	Hyperactivity	Disorder

AEDs  anti-epileptic drugs

aEEG	 	 amplitude	integrated	electro-encephalography

AI	 	 asymmetry	index	

AIS  arterial ischemic stroke

AVLT	 	 Auditory	Verbal	Learning	Test

BG	 	 basal	ganglia

BPD	 	 bronchopulmonary	dysplasia

BRIEF	 	 Behavior	Rating	Inventory	of	Executive	Function

BS	 	 burst	suppression

BSID-II-NL			 Bayley	Scales	of	Infant	Development,	second	edition,	Dutch	version

CBCL	 	 Child	Behavior	Checklist

CFM	 	 Cerebral	Function	Monitor

CI	 	 confidence	interval

CLV	 	 continuous	low	voltage

CNV	 	 continuous	normal	voltage

CoNS	 	 coagulase-negative	staphylococci	

CP	 	 cerebral	palsy

CST  corticospinal tract

DCDQ	 	 Developmental	Coordination	Disorder	Questionnaire

DNV	 	 discontinuous	normal	voltage	

DTI  diffusion tensor imaging

DWI  diffusion weighted images 

FA	 	 fractional	anisotropy

FT		 	 flat	trace

FT4	 	 free	thyroxin

GA  gestational age

GIC  Groningen-infant-COMPARE

GMFCS	 	 Gross	Motor	Function	Classification	System

Abbreviations
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GMH  germinal matrix hemorrhage

GMH-IVH  germinal matrix haemorrhage-intraventricular haemorrhage

HOME  Home Observation for Measurement of the Environment

HPI  hemorrhagic parenchymal infarction 

IQ  intelligence quotient

IUGR  intrauterine growth restriction 

MACS	 	 Manual	Ability	Classification	System

MCA  middle cerebral artery

MDI  mental developmental index

MedNEC  medically treated necrotizing enterocolitis

Movement-ABC Movement Assessment Battery for Children

MND  minor neurological dysfunction

MRI  magnetic resonance imaging

NEC  necrotizing enterocolitis

NEPSY  Neuropsychological Assessment

NICU  Neonatal Intensive Care Unit

OH-PCBs  hydroxylated polychlorinated biphenyls

OHCs  organohalogen compounds

OR  odds ratio

PBBs  polybrominated biphenyls

PBDEs  polybrominated diphenyl ethers

PCBs  polychlorinated biphenyls

PCP  pentachlorophenol

PDI  psychomotor developmental index

PHVD  posthemorrhagic ventricular dilatation

PLIC  posterior limb of the internal capsule

PVHI  periventricular hemorrhagic infarction

PVL  periventricular leukomalacia

Q-Q plot  quantile-quantile plot

RD  radial diffusion
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ROP  retinopathy of prematurity

rT3  reverse triiodothyronin

SD  standard deviation

SES  socioeconomic status

SI  signal intensity

SIP  spontaneous intestinal perforation

SNAP   Score for Neonatal Acute Physiology

SurgNEC  surgically treated necrotizing enterocolitis

T3  triiodothyronin

T4  thyroxin

TBG  thyroid binding globulin

TEA  term equivalent age

TEA-Ch   Test of Everyday Attention for Children

TRF  Teacher’s Report Form

TSH  thyroid stimulating hormone

TVPS  Test of Visual-Perceptual Skills

VMI  test of Visual-Motor Integration

WAIS   Wechsler Adult Intelligence Scale

WISC  Wechsler Intelligence Scale for Children

WM  white matter

WPPSI  Wechsler Preschool and Primary Scale of Intelligence

WPPSI-R   Wechsler Preschool and Primary Scale of Intelligence, revised
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