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“Zij die lezen weten veel, 
 zij die kijken weten soms nog meer.” 
(Alexander Dumas 1802-1870)
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General introduction and outline of the thesis

In recent decades, major advances have been made in neonatal intensive care which have 
led to increased survival of preterm infants. Surviving preterm infants, however, have a higher 
risk of developing cerebral palsy,1 and more than 50 percent will develop cognitive, learning, 
and behavioral difficulties.2,3 Several perinatal factors may pose a threat on the developing 
brain. Prenatally, exposure to toxic substances such as environmental pollutants may have a 
detrimental impact on cognitive and motor development.4 Postnatally, neonatal diseases and 
drug exposure may interfere with the development of the neonatal brain. With the increased 
survival of this group of high-risk infants, one of the most challenging tasks in neonatal intensive 
care is to develop strategies to reduce long-term morbidity, and especially, to prevent abnormal 
brain development.

Brain development 

The development of the fetus’s central nervous system (CNS) starts with the formation of the 
neuronal tube. Neuroepithelial cells in the wall of the neural tube differentiate into numerous 
types of neurons and glial cells. At approximately two months of gestation, neurons in the 
ventricular and subventricular zones start to proliferate, which results in an excess production 
of neurons. After the proliferation stage, between three and five months of gestation, neurons 
migrate from their sites of origin to the loci within the central nervous system. The cortical 
subplate plays a crucial role during this migration process as it guides afferent axons to their final 
destination in cortical or subcortical structures. Once axons reach their target areas, refinement of 
the nascent neural circuits occurs by complex processes involving synaptogenesis and selective 
elimination (pruning) of neurons and synapses. During approximately the same period, glial cells 
enter the CNS where they proliferate and differentiate into astrocytes, oligodendrocytes, and 
microglia. Although the main architecture of the brain is achieved at approximately five months 
of gestation, the brain continues to develop well beyond adolescence.5

 Typically, these neurodevelopmental processes can be broadly classified into two 
mechanisms: processes that require neuronal activity (activity-dependent processes) 
and processes that do not (activity-independent processes).6 It has been suggested that 
differentiation, cell type determination, and axonal guidance are genetically predetermined, and 
thus activity-independent.6-8 Together these processes are responsible for the gross connectivity 
in the brain. The shaping of these initial large-scale neuronal circuits into more precise and finely 
tuned circuits that are crucial to the many complex functions of the adult brain seems to rather 
rely on activity-dependent processes.6,9 These activity-dependent processes either arise from 
endogenously generated patterns of activity, i.e. generated by the nervous system itself without 
any sensory input, or from sensory-driven input, i.e. input from the external environment. 
An illustrative example of endogenously generated patterns of activity is the spontaneous 
movements of newborn infants, which are generated by central pattern generators in the spinal 
cord and brain stem.10-13 Sensory-driven input depends on afferent information provided by 
explorative behavior of which looking behavior is a good example. As infants up to six months 
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just begin to learn to make voluntary and controlled movements, they explore their surroundings 
largely by means of eye movements elicited by salient, attractive stimuli.14

early motor development up to six months after term 

One of the most reliable methods to judge the integrity of the central nervous system of young 
infants is to assess the quality of their spontaneous motor repertoire, the so-called general 
movements (GMs).15 General movements can be observed in fetuses as young as ten weeks 
postmenstrual age,16 and are characterized by large variability in speed, amplitude, force, and 
intensity.17 The sequence of arm, leg, head, and trunk movements is complex with rotations 
superimposed on flexion and extension which make normal GMs look fluent and elegant.18 
In preterm-born infants GMs continue in a similar pattern until the infant has reached term 
age.17 In the first weeks after term, GMs are referred to as writhing GMs. These movements are 
of smaller amplitude and slower speed compared to the GMs of preterm infants. Fast and large 
elliptical movements may occasionally break through, particularly in the arms, which create the 
impression of a writhing quality.17 At six to nine weeks after term, fidgety movements (FMs) 
gradually emerge and remain present until fifteen to twenty weeks, at which age intentional 
and antigravity movements appear and start to dominate the repertoire.17,19 Fidgety movements 
are defined as small, circular, and elegant movements of neck, trunk, and limbs, continuously 
present in all directions. Abnormal FMs resemble normal FMs but are exaggerated with regard 
to amplitude, speed, and jerkiness.19 Various other movements may co-occur with FMs, such as 
swiping arm movements, manipulation of hands, feet, clothing (fiddling), leg lifts, axial rolling, 
or trunk rotation.12,17

 Repeatedly, the assessment of GMs and FMs has proven to be an important functional 
indicator of brain dysfunction. A persistent pattern of cramped-synchronized movements and 
the absence of FMs were shown to be a valid predictor of future neurological impairment, 
specifically cerebral palsy.19,20 Abnormal FMs were found to be a marker of complex, minor 
neurological dysfunction (MND) at seven to eleven years, where the presence of normal FMs in 
conjunction with a normal concurrent motor repertoire is a marker of normal outcome at school 
age.21 In addition to the qualitative assessment of GMs or FMs, other qualitative and quantitative 
aspects of the spontaneous motor repertoire were demonstrated to have predictive value, 
especially of motor outcome.21,22 Although the predictive value of the early motor repertoire 
is studied most extensively for later motor outcome, there are indications that the qualitative 
assessment of GMs and FMs and other detailed motor patterns may also serve as predictors of 
later cognitive performance23,24 and behavioral problems.23,25 

risk factors during the perinatal period: prenatal exposure to polychlorinated biphenyls (PcBs), inborn 

errors of metabolism, and the use of corticosteroids 

Both the prenatal and postnatal periods are critical for the developing brain and, ultimately, for 
a child’s health. Disruption of early neural activity, and thus disruption of the formation of stable, 
finely tuned neuronal networks, may have major consequences for later neurodevelopment. 
Risk factors that may have an impact on the integrity of the neonatal brain include perinatal 
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metabolic disturbances and exposure to environmental pollutants and drugs. 
 Worldwide, polychlorinated biphenyls (PCBs), a group of toxic industrial chemical compounds, 
are among the most ubiquitous environmental pollutants.26 Although in the Netherlands the 
production and use of PCBs has been banned by law since 1985, they continue to be present 
in the environment due to their strong resistance to chemical and biological degradation.27 
During pregnancy, PCBs and their hydroxylated compounds (OH-PCBs) are transferred across 
the placenta to the fetus.28 El Majidi et al. investigated the impact of prenatal exposure to PCBs 
and OH-PCBs on cognitive and motor development in nine cohorts of children with inconsistent 
results.4 
 Many inborn errors of metabolism are associated with neurological damage due to 
accumulating toxic metabolites.29 Molybdenum cofactor deficiency (MoCD) type A is a lethal 
metabolic disorder characterized by the accumulation of sulfite due to lack of sulfite oxidase.30,31 
If untreated, infants with MoCD develop severe progressive neurological damage, eventually 
leading to their untimely death.32 Substitution therapy with the missing substance, cyclic 
pyranopterin monophosphate (cPMP), was considered a potentially effective treatment strategy 
as it prevents ongoing sulfite neurotoxicity.31 Based on observations in a few patients with MoCD 
who were treated experimentally with cPMP, timely diagnosis and treatment was considered 
crucial to limit neurological damage.33 In this thesis we report on a single patient with MoCD 
whom we treated experimentally with cPMP immediately after birth. 
 Bronchopulmonary dysplasia (BPD) is still a major cause of morbidity among survivors 
of severe preterm birth despite the widespread use of surfactant treatment, antenatal and 
postnatal glucocorticoids, and new ventilator strategies.34,35 As inflammation seems to be the 
primary mediator of injury in the pathogenesis of BPD,36 the role of systemic steroids as an 
anti-inflammatory agent was studied extensively and has proven to be effective.37 Since the 
introduction of steroids in the 1950s,38 dexamethasone is the most commonly used steroid for 
preventing and treating BPD. In the late 1990s, however, studies questioned the routine use of 
high doses of dexamethasone as there is an increased risk of neurodevelopmental impairment, 
especially motor impairment, in infants treated with dexamethasone.39-41 These new insights 
prompted the American Academy of Pediatrics to publish restrictive guidelines42 and to initiate 
the search for safer alternatives. An alternative steroid considered to be potentially safer because 
of its lower glucocorticoid activity was hydrocortisone.43 The first randomized controlled trial 
of hydrocortisone was published in 1972 and reported no effect on decreasing the severity 
of respiratory distress syndrome when using high doses (25 mg/kg per day on the first day 
of postnatal life).44 Although more recent studies with lower doses of hydrocortisone indicate 
no adverse effects on neurodevelopment,45-47 data on the effect of hydrocortisone on rates of 
survival without BPD are still in conflict.43,48,49 Another alternative treatment option is to lower 
the dexamethasone doses given to preterm infants. Lower dexamethasone doses may facilitate 
extubation, although its effect on neurodevelopment is still inconclusive.50-53 As yet, debate is 
ongoing about the optimal treatment strategy for preterm infants at risk of BPD. 
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Visual attention in the first half year of life

Only a few methods are available to measure cognition in early infancy. One of the most frequently 
used methods, at least in experimental settings, is to observe gaze shifts of young infants. In the 
first hours after birth, infants are already able to make small eye movements towards objects 
in their peripheral visual field. When observing the infant more closely, however, it becomes 
apparent that infants tend to stare at an object or location for long periods even if they are 
surrounded by several other attractive stimuli. It would seem that during the first weeks after birth 
infants have particular difficulties in shifting their gaze away from an object they are attending 
to − a phenomenon dubbed ‘sticky fixation’.54,55 At approximately three to four months of age 
the frequency and speed of gaze shifts to a stimulus in the periphery increases substantially.55,56 
This improved ability to shift gaze away from a fixated stimulus is considered to be the result of 
increased cortical control over subcortical areas.57,58 A growing body of evidence suggests that 
the early gaze shifting abilities of both fullterm and preterm-born infants is associated with later 
cognitive performance.59-63 Preterm-born infants are exposed to the visual environment during 
a period when the brain is still developing rapidly.5 To date, it is unclear whether this extra visual 
exposure has a significant impact on early and later development. 

focus 

This thesis focuses mainly on motor development, specifically the quality of GMs and a detailed 
assessment of concurrent movements and postures, of healthy fullterm and preterm infants 
during the early postnatal period. In clinical practice, the assessment of GMs is increasingly 
recognized as a useful diagnostic tool to predict the neurodevelopmental outcomes of preterm-
born children.19-25 Additionally, the gaze shifting abilities of infants during their first year of life is 
an early, potential predictor of later cognitive performance.59-63 Therefore, detailed understanding 
of the effects of specific risk factors on early motor development and answers to the questions 
whether, and if so how, early motor development and gaze shifting abilities might serve as 
predictors of later outcomes, will expand our ability to identify, treat, and possibly prevent 
impaired neurodevelopment. Moreover, these insights will enhance our understanding of the 
complex interaction between neuronal networks involved in early motor development, early 
visual attention, and functional impairment at school age. We provide an overview of the thesis 
in Figure 1. 
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Figure 1. Overview of the thesis. (OH-)PCBs, (hydroxylated) polychlorinated biphenyls; 

MoCD, molybdenum cofactor deficiency.

Functional outcome

Early motor development

prenatal neonatal 6 months school age

CorticosteroidsMoCD(OH-)PCBs Visual attention
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Aims of the thesis
I.    To investigate early motor development and the long-term neurodevelopmental outcomes  
 of infants treated with postnatal corticosteroids. 
II.   To investigate early motor development in various groups at risk of abnormal neurological 
 development. More specifically, to investigate whether prenatal background exposure  
 to PCBs and OH-PCBs are associated with motor development in three-month-old infants.  
 In addition, we describe the motor development and neurological outcome of an infant  
 with molybdenum cofactor type A deficiency whom we treated experimentally with cPMP.  
III.   To investigate the interrelationship between early motor development, early visual attention,  
 and neurodevelopmental outcomes up to school age in preterm-born and healthy  
 fullterm-born children.

Outline

Part I. Early motor development and outcome after corticosteroids 
In chapter 2, we describe the effect of hydrocortisone and high-dose dexamethasone therapy in 
preterm infants on the quality of GMs until three months after term. In chapter 3, we investigate 
the effect of low-dose dexamethasone on the quality of GMs until three months after term. In 
chapter 4, we establish the functional outcome at school age, i.e. motor, cognitive, and behavioral 
outcomes of preterm-born children treated with high-dose dexamethasone. 

Part II. Early motor development in various risk groups
In chapter 5, we determine the impact of prenatal background exposure to polychlorinated 
biphenyls and their hydroxylated metabolites on early motor development. In chapter 6, 
we report on the outcome, in particular with regards to GM quality, of an infant diagnosed 
with molybdenum cofactor type A deficiency whom we treated experimentally with cyclic 
pyranopterin monophosphate (cPMP).

Part III. Interrelationship between early motor development, early visual attention, 
and functional outcome
In chapter 7, we describe the association between early motor development and early visual 
attention in preterm and healthy fullterm infants. In chapter 8, we determine the predictive 
value of early motor development for functional outcome, i.e. motor, cognitive, and behavioral 
outcomes in healthy fullterm-born infants. In chapter 9, we study the relation between early 
visual attention and functional outcome in preterm and fullterm infants.  Finally, in chapter 10, 
we discuss our findings in relation to the literature and we point out some future perspectives. 
chapter 11 is a summary of our findings in English and Dutch.  
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Abstract 

Introduction
Hydrocortisone (HC) and dexamethasone (DXM) are used to treat preterm infants at risk for 
bronchopulmonary dysplasia (BPD). This may, however, affect their long-term neurological 
development. We aimed to determine the effect of HC and DXM therapy in preterm infants on 
neurological functioning as assessed by the quality of general movements (GMs) until 3 months 
after term.
Methods
We performed a longitudinal, observational study including 56 preterm infants (n=17 HC, n=17 
DXM, n=22 controls). GM quality, videoed before and after treatment, was assessed. In addition, 
a MOS was assigned to details of the GMs.
Results
We found no difference in the quality of GMs between HC and DXM infants until term age. 
At 3 months, HC infants had a higher median motor optimality score (MOS) than DXM infants 
(25 vs. 21, P=.015). In the DXM group, MOS on the first day of treatment was lower than before 
treatment (10 vs. 11, P=.030).
Discussion
MOS decreased in DXM infants on the first day following treatment and at 3 months after term. 
This was not the case in HC infants. Our study suggests that neurological functioning at 3 months 
after term is better in infants treated with HC than in infants treated with DXM.
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Introduction
Improved neonatal intensive care over recent decades has led to significantly increased 
survival of preterm infants. The incidence of bronchopulmonary dysplasia (BPD), however, is 
still approximately 30%.1 Previous studies investigating the effect of postnatal corticosteroid 
therapy showed that dexamethasone (DXM) therapy facilitates extubation and reduces the 
rate of BPD at 28 days after birth and at 36 weeks postmenstrual age.2 Furthermore, there is a 
reduction in the need for late rescue with corticosteroids.3 Unfortunately, postnatal DXM therapy 
is associated with short-term adverse effects and an increased risk of motor disorders, including 
cerebral palsy,3,4 particularly if therapy is started within the first week of life.5 Various studies on 
postnatal hydrocortisone (HC) therapy reported an equal reduction in oxygen dependency and 
fewer short-term adverse effects than DXM, and no long-term adverse effects on neurological 
outcome as compared to controls.6,7 A two-center comparative study reported that HC-treated 
children had a better cognitive and motor neurodevelopmental outcome as compared to DXM-
treated children.8 In a recent systematic review, however, early postnatal HC therapy showed 
no improvement in mortality, the rates of BPD, or in-home oxygen dependence.9 As yet, no 
consensus exists regarding the most optimal therapy for preterm infants at risk for BPD.
 The qualitative assessment of general movements (GMs) from video recordings is a sensitive, 
noninvasive method to investigate the integrity of the young infant’s brain.10,11 This method 
is based on visual Gestalt perception of GM quality up to 5 months after term. Normal GMs 
are characterized by complexity, variability, and fluency, whereas in abnormal GMs, these are 
reduced.12 The quality of the fidgety general movements (FMs), present between 9 and 20 weeks 
after term and defined as continuous small movements of moderate speed in all directions, is a 
particularly accurate marker for neurological outcome: most infants (96%) with normal FMs have 
normal neurological outcomes, whereas most infants (95%) in whom FMs are absent during this 
period develop cerebral palsy.13 Recent studies reported that detailed aspects of GMs, expressed 
as a motor optimality score (MOS), also have predictive value for mild motor abnormalities later 
on.14,15

 Previously, DXM treatment was associated with the presence of abnormal GMs, which 
correlated with the severity of brain lesions and the occurrence of cerebral palsy.16,17 The 
influence of HC therapy on short-term neurological outcome as assessed by the quality of GMs 
is unknown.
 This led to our aim of determining the effects of HC and DXM therapy in preterm infants on 
neurological functioning as assessed by the quality of GMs until 3 months after term.

Methods
study design

We performed a longitudinal, observational study in two centers, comparing the effect of 
postnatal HC and DXM therapy on GM quality. Control infants matched for gestational age at 
birth were selected from both centers. The infants were videoed before and after corticosteroid 
therapy commenced. From the video recordings, we assessed the quality of GMs off-line.
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study population

The study population consisted of 56 preterm infants (born <32 weeks’ gestation) who had 
been admitted to the neonatal intensive care unit of either University Medical Centre Utrecht 
or University Medical Center Groningen between 1992 and 2006. Of them, 17 were treated with 
HC (University Medical Centre Utrecht: starting dose 5 mg/kg/d) and 17 with DXM (University 
Medical Center Groningen: starting dose 0.5 mg/kg/d). The remainder (n=22) acted as controls 
and did not receive corticosteroid treatment. They were videoed in the same postnatal week as 
the DXM and HC groups.
 Treatment indication was ventilator dependency after the seventh day of life. Both centers 
started treatment according to their center-bound treatment protocol. Nevertheless, dosage 
and schedule could vary depending on the clinical response of the individual infant. As a 
consequence, duration of corticosteroid therapy ranged from 1 to 12 weeks (median 22 days in 
the DXM group and 24 days in the HC group). Equivalent doses of cortisol (HC) were calculated 
by multiplying the dose of DXM by 26.7 (the ratio HC:DXM being 20:0.75).18 Infants were excluded 
if they met one of the following criteria: major congenital anomalies, chromosomal disorders, or 
death before term age.

data collection

Characteristics were collected from medical records based on the entire admission period until 
discharge from the neonatal intensive care unit: gender, birth weight, gestational age, Apgar 
score at 5 min, seizures, sepsis, intracranial hemorrhages detected by ultrasound (classified 
according to Papile et al.)28 and periventricular densities (classified according to de Vries et al.),29 
sedative or anticonvulsant drugs, use of antenatal corticosteroids by the mother, treatment 
duration, postnatal day of starting therapy, mean equivalent cortisol dose, cumulative equivalent 
cortisol dose, BPD, and the revised version of the Nursery Neurobiologic Risk Score.30 BPD was 
defined as treatment with supplemental oxygen at 36 weeks postmenstrual age. We performed 
follow-up examinations at 2 years of age, consisting of the Bayley Scales of Infant Development, 
second edition (BSID-II),31 and a neurological examination. In DXM infants, in whom BSID-
II was not part of standard care, we instead performed a detailed standardized neurological 
examination based on Touwen.32 Children were classified as normal if the Mental Developmental 
Index or Psychomotor Developmental Index was ≥85, mildly delayed/abnormal if the Mental 
Developmental Index or Psychomotor Developmental Index was between 70 and 84 (or signs 
of minor neurological dysfunction were seen), or abnormal if the Mental Developmental Index 
or Psychomotor Developmental Index was <70 (or signs of cerebral palsy were seen).

Video recording

The infants were videoed on six occasions: prior to the beginning of treatment (day 0), on days 1, 
2, and 7 following treatment, on reaching term age, and at 3 months after term. The recordings 
made on day 0 served as individual references. Recordings were made with the infants lying 
in the incubator in supine position and wearing only a diaper. Most infants could move their 
limbs and trunk freely, although some had intravenous lines. To enable reliable assessment of 
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the infants’ GMs, each infant was recorded for 30 to 60 min. In case no GMs occurred, the quality 
of GMs was given the score hypokinetic. The recordings around 3 months of age were made 
during a normal outpatient visit or at home and lasted 10 min, which is sufficiently long for a 
reliable assessment of FMs (10). Although interference was avoided as much as possible, any 
necessary actions by caregivers were permitted. Recordings during which the infant was either 
fussing or crying, or sucking on a pacifier were discarded. A few recordings were missing due to 
logistic and/or patient-related problems (n=14 in HC group, n=3 in DXM group). In addition, 5 
recordings of HC infants could not be properly evaluated due to short recordings (n=2), not lying 
in supine position (n=1), or inappropriate state (sleepy n=1, crying n=1). Most of the controls 
were videoed weekly, which resulted in fewer recordings present on day 1 (n=3) and day 2 (n=2) 
as compared to day 0 (n=22) and day 7 (n=22).

analysis of GMs

The GMs were assessed off-line by at least two observers in the order the recordings were made 
as described by Einspieler.10 At least one observer was unaware of the clinical course (M.M.H.). In 
addition, we determined the MOS using the GM Optimality List for Preterm GMs and Writhing 
Movements.33 MOS could range from 8 (low optimality) to 18 (high optimality). We used the 
Optimality List for Fidgety Movements (Assessment of Motor Repertoire – 2 to 5 months)15 to 
analyze the quality of FMs and MOS at 3 months. During this period, MOS could range from 5 
(low optimality) to 28 (high optimality). Previously, the interrater agreement was reported to be 
good; the kappa statistics vary from 0.89 to 0.91.14,15

data analysis

We assessed the differences in the quality of GMs (normal vs. abnormal) between the HC and 
DXM infants and the controls on the six occasions with the Fisher’s exact test. We applied the 
Kruskal-Wallis test to compare MOS between the three groups on the six occasions. Where 
appropriate, we used the Mann-Whitney u test with Bonferroni adjustment for multiple testing, 
but not for our comparisons of the DXM and HC groups, because these were the two groups 
under study. We did this because strict application of the Bonferroni adjustment in this particular 
instance might have led to true differences being judged as statistically not significant.
 To determine the change in MOS on the first day following treatment for each treatment 
group separately, we used the Wilcoxon signed-rank test. We used the Mann-Whitney u test 
to test whether this change in MOS differed significantly between the two groups and we 
performed multivariate linear regression to adjust for confounding factors. The independent 
variables included clinical variables that differed between the treatment groups with P<.10. A 
two-sided P value of <.05 was considered statistically significant. When we applied the Bonferroni 
adjustment (three groups), we considered a P value of <.017 statistically significant. We used 
the Statistical Package for the Social Sciences 16.0 software for Windows (SPSS, Chicago, IL) to 
perform the statistical analyses.
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Table 1. Patient characteristics.

Hydrocortisone 

(n=17)

Dexamethasone 

(n=17)

Controls   

(n=22)
P value

Boys/girls 11/6 13/4 12/10 ns

Twins or triplets 4/17 8/17 9/22 ns

Birth weight (grams) 800 (630−1700) 970 (700−1800) 930 (595−1290) .047*

Gestational age (weeks) 27.1 (24.9−31) 27.9 (26−30.3) 27.2 (26−29.6) ns

NBRS-revised 6 (3−8) 6 (3−13) 4 (1−12) .036§

Apgar-score at 5 minutes 8 (4−10) 5 (1−10) 9 (4−10) .009*§

Mean equivalent cortisol dose 

(mg/day)
3.1 ± 0.8 9.8 ± 5.1 − <.001*

Cumulative equivalent cortisol dose 

(mg/kg)
108 ± 70 170 ± 69 − .006*

Treatment duration (days) 22 (13−84) 24 (7−69) − ns

Postnatal day of start therapy 

(days)
16 (7−44) 16 (4−25) 17 (9−30) ns

Grade III−IV IVH 1/16 1/17 3/22 ns

Grade III−IV PVL 0/17 0/17 0/22 ns

Sedative or anticonvulsant drugs 16/17 12/18 6/22 <.001†§

Sepsis 3/17 4/16 9/22 ns

Seizures 1/17 3/17 1/22 ns

Corticosteroids mother 15/17 12/17 17/22 ns

BPD 16/17 16/17 8/22 <.001†§

Cerebral palsy 0/17 6/17 0/22 .001*§

Variables represent frequencies (n/total), median (range), or mean ± SD. BPD, bronchopulmonary 

dysplasia; EEG, electroencephalogram; IVH, intraventricular hemorrhage; NBRS, Nursery Neurobiologic 

Risk Score; ns, not significant; PVL, periventricular leukomalacia. P values represent statistical differences in 

categorical variables as calculated by the Fisher’s exact test, or continuous variables as calculated by the 

Kruskall-Wallis test.

*Statistical differences (P<.10) between hydrocortisone and dexamethasone group.

†Statistical differences (P<.10) between hydrocortisone group and control group.

§Statistical differences (P <.10) between dexamethasone group and control group.
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Results
Patient characteristics

Table 1 shows the most important patient characteristics. The HC group differed from the DXM 
group in that the former infants had lower birth weights, had higher Apgar scores at 5 min, and 
received lower mean and cumulative equivalent doses of cortisol. Although not significantly 
different, HC infants were treated more often with sedative, anticonvulsant, or muscle-relaxant 
drugs during corticosteroid treatment than the DXM group (94% and 67%, respectively).
 Brain ultrasound scans of three DXM infants deteriorated after initiating DXM treatment. 
In one infant, the density of the periventricular white matter increased, which was followed 
by a leukomalacia grade III. Two infants in whom periventricular echodensities had normalized 
before DXM therapy developed ventriculomegaly. All three of these infants had abnormal GMs 
before therapy. At 2 years of age, six of the DXM-treated children had developed cerebral palsy 
vs. none of the HC-treated infants (P=.018).
 Data on neurodevelopmental outcome at 2 years are presented in Table 2. In each group, 
test results of three infants were missing either due to loss of follow-up or an insufficiently 
cooperating infant.

Figure 1. Individual trajectories of general movements (GMs) in the (A) hydrocortisone (HC) group and the 

(B) dexamethasone (DXM) group. Quality of GMs before HC or DXM treatment commenced (day 0), 1 d (day 

1), 2 d (day 2), 1 wk (day 7) after first dose, at term age, and around 3 months postterm (PT). Normal GMs or 

fidgety movements (FMs) (white); poor repertoire (dotted); chaotic (gray); cramped-synchronized (dark gray); 

hypokinetic (black). At 3 months PT: abnormal FMs (dotted); absent FMs (dark gray). Crosses represent missing 

recordings.

1A 
ID Infant day 0 day 1 day 2 day 7 term age 3 months PT 

1   X         
2 X X         
3 X           
4         X   

5             
6           X 
7           X 
8     X       
9   X         
10   X X       
11   X X       
12             
13       X     

14     X X     
15             
16         X   

17   X       X 

1B 
ID Infant day 0 day 1 day 2 day 7 term age 3 months PT 

1             
2   X         
3             
4   ████████ ████████       

5             
6             

7             
8             

9           X 
10             

11   ████████         
12             

13             

14       ████████     

15             
16   X         

17             



2

35

hydrocortIsone Vs. dexaMethasone treatMent for BronchoPulMonary dysPlasIa and theIr effects on General 
MoVeMents In PreterM Infants

Quality of general movements

The results on the quality of GMs are shown in Figure 1. In the control group, nine infants showed 
normal GMs on day 0 and 13 showed abnormal GMs. We found no difference in the quality 
of GMs between the HC and DXM groups and the controls on day 0. On day 7 after therapy 
had commenced, we found more infants in the DXM group in whom the quality of GMs was 
abnormal as compared to the controls. This finding just reached statistical significance (P=.017). 
We found differences neither between the HC group and the controls nor between the HC 
group and the DXM group. At 3 months after term, 18 control infants showed normal FMs and 
in one infant, FMs were absent. In the DXM group, the quality of FMs was abnormal in more 
infants as compared to the controls (P=.013). Again, we found no differences in the quality of 
FMs between the HC group and controls, and between the HC and DXM groups.

Figure 2. Motor optimality scores (unadjusted) (A) until the first week after treatment commenced and (B) at 3 

months after term in hydrocortisone infants (dotted), dexamethasone infants (hatched), and controls (white). 

The data in the graphs are presented as box and whisker plots. Boxes represent the individual values between 

the 25th and 75th centiles (interquartile range); whiskers represent the range of the values, with the exception of 

outliers. Outliers are the circles, defined as values between 1.5 interquartile range and 3 interquartile ranges from 

the end of a box. On days 1 and 2, only 3 and 2, respectively, recordings of controls were present. *P<.05.

* 
2A 

Day of videotaping 

M
ot

or
 o

pt
im

al
ity

 s
co

re
 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

0 1 2 7 

* * 2B 

M
ot

or
 o

pt
im

al
ity

 s
co

re
 

3 months after term 

28 

26 

24 

22 

20 

18 

16 

14 

12 

10 

8 

6 



2

36

hydrocortIsone Vs. dexaMethasone treatMent for BronchoPulMonary dysPlasIa and theIr effects on General 
MoVeMents In PreterM Infants

Figure 3. Motor optimality scores before therapy (day 0) and the first day following therapy (day 1) in both 

treatment groups. Open box indicates motor optimality score in hypokinetic infant. *P<.05.

Moss in hc- and dxM-treated infants

In the first week after treatment had commenced, the median MOS was higher in controls as 
compared to infants treated with corticosteroids (Figure 2A). This difference was significant 
between the DXM group and control infants (median 10 vs. 14, P=.010) only on day 1. We found 
no differences between the two treatment groups, except for MOS at 3 months after term 
(Figure 2B). MOS of controls (median 24) was higher as compared to the DXM group (median 21, 
P=.010), and it was higher for the infants in the HC group (median 25) as compared to the infants 
in the DXM group (P=.015).
 In addition, we analyzed the change in MOS from day 0 to day 1, with each infant serving 
as his or her own control. Hypokinetic infants were given 8 points, i.e., the lowest MOS. In the 
HC group, two infants were hypokinetic before treatment. One of these infants showed poor-
repertoire GMs on day 1 whereas for the other infant, no recording was available for day 1. None 
of the infants in the DXM group was hypokinetic before corticosteroid administration, whereas 
two infants became hypokinetic on day 1. As shown in Figure 3, we found the median MOS to 
be significantly lower than MOS on day 0 in the DXM group (median 10 vs. 11, P=.030) only on 
day 1. The changes in MOS did not differ significantly between the two groups.

Multivariate analysis

HC infants had a higher median MOS at 3 months after term than DXM infants. We assessed 
the relationship between MOS and treatment with either HC or DXM using multivariate linear 
regression allowing for possible confounders. First, we transformed the outcome variable 
MOS because the MOS was not normally distributed for the group as a whole (Kolmogorov-
Smirnov test P<.001). By squaring the MOS, the new variable had a more normal distribution 
(Kolmogorov-Smirnov test P=.153). Clinical variables, considered to be possible confounders with 
P<.10, included birth weight, gestational age, Apgar score at 5 min, and mean and cumulative 
equivalent doses of cortisol. After entering these variables as predictors and group assignment (as 
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dummy variables) in the multivariate regression model, only gestational age and DXM treatment 
remained significant, with an explained variance of 20.2%. We present the results in Table 3. After 
adjusting for the squared MOS, infants who received DXM had a reduction in MOS of well over 
two-thirds of a point (0.7) at 3 months of age as compared to infants who received HC.

Table 3. Multiple regression of motor optimality score on birth weight and treatment group.

Variable Coefficient (beta) t P value

Constant −1.026 .314

Gestational age 0.312 1.776 .087

DXM treatment −0.515 −2.935 .007

Infants who received dexamethasone had a reduction in motor optimality score of 0.7 of a point as 

compared to infants receiving hydrocortisone. Per week increase in gestational age, the motor optimality 

score increased by 0.6 of a point.

Discussion
In this longitudinal, observational study, we found a difference in GM quality in preterm infants 
who were postnatally treated with either HC or DXM. This difference was evident on the first 
day following treatment and at around 3 months after term. We found a higher MOS in the HC 
group, which reached statistical significance at 3 months after term. Furthermore, in the DXM-
treated infants, MOS on the first day following treatment had decreased compared to their MOS 
before treatment. This was not the case for the HC-treated infants.
 The first and most important finding of our study was that HC infants had a higher MOS at 
3 months after term than DXM infants. Previously, Einspieler et al. reported that impairment of 
the quality of the motor repertoire, especially around 3 months after term, is highly predictive 
of severe neurological sequelae.11,13 Of the five items on the Motor Optimality List, FM quality is 
the most reliable predictor of either severe neurological abnormalities or a normal neurological 
outcome.13,16  In our study, however, we found no difference in the quality of FMs between the 
two groups. As a consequence, we need to turn to the remaining items of the Motor Optimality 
List to explain the difference in MOS. Previously, Bruggink et al. reported that MOS distinguished 
between preterm infants who showed a normal neurological outcome, infants who developed 
minor neurological dysfunction, and infants who developed cerebral palsy.15 This held true 
even if the quality of FMs was excluded from MOS. Thus, the difference we found in MOS may 
contribute to more neurological impairment at school age in children who had been treated 
with DXM in the neonatal period.
 Surprisingly, differences in MOS were not demonstrated before 3 months after term. 
A possible cause for this relatively late-occurring finding may be related to DXM having a 
low mineralocorticoid-mediated activity, high glucocorticoids-mediated activity, and long 
biological half-life in comparison to HC.18 Animal studies provided evidence that the activation 
of glucocorticoid receptors induces damage to neurons, such as promoting apoptotic activity of 
neurons in the hippocampus. In contrast, mineralocorticoid receptors protect against apoptosis 
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by upregulation of antiapoptotic proteins,19-22 suggesting that prolonged exposure to DXM 
treatment, but not HC, may alter hippocampal plasticity. We speculate that neuronal apoptosis 
does not immediately lead to such drastic changes in the neuronal architecture that GMs are 
affected in their quality. A more extended time course of neuronal apoptosis might be required 
before differences between HC and DXM come to light. Human studies that reported lower 
brain volumes at term-equivalent age after postnatal DXM therapy,23 and not after HC therapy,24 
support this hypothesis.
 In our study population, the HC infants had lower birth weights and gestational ages, higher 
Apgar scores, and received lower mean and cumulative equivalent cortisol doses. The higher 
Apgar scores and the lower cortisol doses could both have contributed to a higher MOS in the 
HC group. By performing multivariate linear regression, however, only gestational age and DXM 
treatment accounted for the difference in MOS. Besides, the HC infants had a higher MOS and 
they did not develop cerebral palsy at 2 years of age whereas some DXM infants did. Moreover, 
some brain ultrasound scans worsened following DXM treatment. Our results were in line 
with studies investigating long-term effects of postnatal DXM and HC therapy on neurological 
outcome at school age.3-8 They suggested an increased risk of motor disorders in DXM infants 
whereas HC seemed to have no adverse effects on long-term neurological outcome. A higher 
MOS in the HC infants possibly indicated that HC had less adverse effects on neurodevelopment 
at an early age than DXM.
 The second important finding of our study was that a significant decrease of MOS occurred 
only on the first day following therapy in DXM-treated infants and not in HC-treated infants. 
This finding replicated other findings previously reported for DXM-treated infants.16 Our study 
indicated that HC had no such effects on the GMs, possibly due to the lower glucocorticoid 
activity. It is known that glucocorticoids inhibit glucose uptake into muscle and nerve cells 
within 24 hours.25 Glucose transport is also inhibited in hippocampal neurons and glia 
cells.19 This inhibition is mediated by the glucocorticoid receptor, which can be blocked by a 
glucocorticoid receptor antagonist but not by a mineralocorticoid receptor antagonist. Thus, 
only the glucocorticoids receptor is involved in the process of glucose inhibition. As mentioned 
previously, the glucocorticoid activity of HC is relatively low compared to DXM. Considering the 
lower inhibition of glucose uptake as a result of lower glucocorticoids activity, we speculated 
that this might explain why MOS was not affected on the first day following treatment in the 
HC-group infants.
 We recognize several limitations of our study. First, the number of infants in our study was 
relatively small and, as a consequence, the results should be interpreted with caution. Second, 
the two study groups were not randomly assigned to either University Medical Centre Utrecht 
or University Medical Center Groningen. Despite the fact that the indication for corticosteroid 
therapy was identical (ventilator dependency after the seventh day of life), type of treatment 
(HC vs. DXM) depended on the hospital where the infant was treated. Third, we pooled the 
controls at both study sites into one group. Both centers are located in the Netherlands and 
are equipped with level-III obstetrics departments and neonatal intensive care units. Of course, 
there are small local differences; however, both centers work according to national provided 
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guidelines and protocols provided by the Dutch Pediatrics and Obstetrics Associations. So 
antenatal and neonatal treatment policies were reasonably uniform. Moreover, no significant 
clinical differences between the two groups were noticed. Hence, we assume that the clinical 
care provided was comparable between these two hospitals and that combining these data was 
justified. Fourth, infant recruitment took place over an extended period of time. We attempted 
to limit the confounding effect of improved care by at least ensuring that enrollment of controls 
occurred over the same time span as the enrollment of patients. Furthermore, this study had 
limited data on MRI findings because in the late 90s, MRI was not yet a part of standard clinical 
care. Therefore, we were not able to associate our findings on GMs with detailed neuroimaging 
as found previously.23,24 Still, we do not expect to have missed major brain lesions that could have 
resulted in deterioration of GM quality, as cranial ultrasound is able to detect most abnormalities 
that are associated with abnormal neurodevelopmental outcome.26,27

 Our findings might have implications for BPD treatment. They suggest that HC therapy 
has preference over DXM for treating preterm infants at risk for BPD. Nevertheless, randomized 
clinical trials are required to further substantiate our findings.
 In conclusion, we found that the quality of the motor repertoire at 3 months after term of HC-
treated preterm infants was more optimal than that of DXM-treated preterm infants. In addition, 
the MOS decreased considerably on the first day following therapy only in the DXM infants. It is 
possible our findings were due to glucocorticoid receptor-mediated neuronal toxicity triggered 
by the inhibition of glucose transport in neurons and glia cells, and by increased apoptosis. 
Although the differences were small, the results of our study suggest that in BPD treatment, HC 
may have preference over DXM.
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Abstract 

Background
High-dose dexamethasone (DXM) treatment of preterms at risk of bronchopulmonary dysplasia 
leads to a deterioration in quality of their general movements (GMs). It is unknown whether low-
dose DXM affects GM quality similarly.
Objectives
To assess the effect of low-dose DXM treatment on the quality of GMs and fidgety GMs (FMs).
Methods
A prospective study of preterms admitted to our NICU between 2010 and 2012, and treated 
with DXM (starting dose 0.25 mg/kg/day). We assessed GM/FM quality and calculated their 
motor optimality score (MOS) before, during, and after treatment up to 3 months postterm. 
Neurological follow-up was performed between 12 and 36 months. We related risk factors with 
infants’ GM trajectories and MOSs. At 3 months we compared the MOSs of low-dose DXM infants 
and a historical cohort of infants treated with high-dose DXM or hydrocortisone.
Results
17 infants were included. GM/FM quality improved in 9 out of 13 initially abnormal infants 
(P=.004). Shorter periods of mechanical ventilation and higher birth weights were associated 
with better GM trajectories (P=.032 and P=.042, respectively). Infants starting treatment later 
had higher MOSs on day 7 (P=.047). Low-dose DXM infants had higher MOSs than high-dose 
DXM infants (β=–0.535; 95% CI –0.594 to –0.132; P=.003). Out of 17 infants, 2 died, 14 developed 
normally, and 1 developed with mild neurodevelopmental impairments. Infants whose GMs/
FMs remained normal or improved had better outcomes than infants whose GMs/FMs remained 
abnormal (P=.019).
Conclusions
Out of the 17 infants treated with low-dose DXM, 2 died. Of the surviving infants, neurological 
functioning improved with the majority having normal neurodevelopment at the age of 12–36 
months.



3

45

the QualIty of General MoVeMents after treatMent wIth low-dose dexaMethasone In PreterM Infants at rIsk of 
BronchoPulMonary dysPlasIa 

Introduction
Prior to 2002, administering high doses of dexamethasone (DXM) to infants at risk of 
bronchopulmonary dysplasia (BPD) was standard clinical practice. Because of its potentially 
acute side effects and long-term neurological sequelae, the American Academy of Pediatrics 
recommended restricting the use of high-dose DXM.1 Lower doses of DXM have been shown 
to facilitate extubation without increasing short-term adverse neurodevelopment.2 Others, 
however, could not demonstrate a decreased risk of adverse neurodevelopment compared to 
either higher DXM doses3 or placebo.4,5

 A valuable tool to investigate the neurological condition of young infants is to assess 
the quality of their general movements (GMs).6 Chronologically, two types of GMs can be 
distinguished. Up to term age, GMs are normally characterized by variability, complexity, and 
fluency. At 6–9 weeks after term, fidgety GMs (FMs) emerge and remain present until 15–20 
weeks after term. These are defined as continuous small, circular movements of moderate speed 
in all directions. A persistent pattern of cramped-synchronized GMs7 and the absence of FMs8 
specifically predict cerebral palsy (CP). Previously, it was reported that high-dose DXM leads to 
deterioration in the quality of GMs and FMs, which in turn relates to worse neurological outcomes 
at 2 years.9,10 It is unknown whether low-dose DXM treatment affects GM quality similarly. 
 Our first aim was to assess GM/FM quality in infants after low-dose DXM treatment up to 
3 months postterm. Our second aim was to determine whether DXM-related risk factors were 
associated with GM/FM quality. We expected around 45% of infants with BPD to develop minor 
neuromotor disabilities, independent of BPD grading. In infants with mild or moderate BPD, we 
expected around 20% to develop major neuromotor disabilities with  percentages increasing to 
45% in infants with severe BPD.11

Methods
Participants

We selected preterm infants (<32 weeks’ GA) admitted to our NICU between 2010 and 2012, and 
treated with low-dose DXM. Treatment indications were ventilator dependency with ventilatory 
mean airway pressure >12 cm H

2
O and/or fractional inspirational oxygen requirement >0.50 after 

the 10th postnatal day in infants in whom weaning stagnated despite optimal supportive therapy. 
DXM treatment was administered in a tapering course of either 6 days (total 1.125 mg/kg) or 15 
days (total 2.025 mg/kg). As part of clinical care, we evaluated the infants’ clinical neurological 
status by assessing their GM/FM quality. The study was approved by the institutional review 
board. Prior to making the recordings, we obtained the informed consent of the parents.

data collection

We classified BPD into mild, moderate, or severe according to the NICHD criteria.12 Follow-up 
consisted of a neurological examination according to Touwen.13 We used the most recent follow-
up data for classifying children as normal, i.e. no signs of minor neurological dysfunction (MND) 
and no signs of CP, mildly abnormal, i.e. signs of MND, or abnormal, i.e. signs of CP. Follow-up 
data were available at the corrected ages of 12 (n=5), 18 (n=4), 24 (n=5) and 36 (n=1) months.
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Video recording

Infants were recorded before treatment commenced (day 0; individual reference), on days 1, 2, 
and 7 following treatment, around term age, and at 3 months postterm. Few recordings were 
missing due to logistic problems (n=3 before DXM treatment; n=4 at day 1; n=1 at day 2; n=2 
at day 7; n=1 at term age), drop-out (n=2 at term age; n=2 at 3 months), or sleepy state (n=1 at 
term age). We had recordings until term age of 1 patient who died. Of the other patient who 
died, we had recordings until 1 week after treatment commenced. Altogether 82 recordings 
were used for further analyses.

analysis of GMs and fMs

The recordings were assessed off-line by MMH and AMR according to Prechtl’s method,6 and 
blinded for outcome. First, we classified the quality of the GMs and FMs as normal or abnormal. 
For the recordings up to term age, we performed a more detailed analysis by calculating a motor 
optimality score (MOS) using the GM Optimality List.14 Eight different aspects, including GM 
quality, are distinguished. MOSs range from 8 to 18; low to high optimality. For the assessment 
of the MOS around 3 months of age, we used the Motor Optimality List for Fidgety Movements.15 
Five aspects, including FM quality, are distinguished. During this period, MOSs range from 5 to 
28; low to high optimality. In case of doubt, the infants’ recordings were re-evaluated with AFB to 
pass the definitive judgment. The interrater agreement for the quality of GMs/FMs was excellent 
(n=82 recordings; Cohen’s κ 0.89). If we allowed a difference of 1 point the interrater agreement 
for the MOS was high (n=57 recordings; Cohen’s κ 0.66). In case of a 2-point difference, Cohen’s 
κ increased to 0.84 (n=57 recordings).

statistical analysis

We used the χ2 test for trend to evaluate whether GM quality changed over the consecutive 
recordings. We determined GM trajectories by comparing GM quality before DXM to GM quality 
during the last recording (thus including FM quality) with McNemar’s χ2 test. To determine the 
change in MOSs on day 7, we used the Wilcoxon signed-rank test with each infant serving as 
its own control. We then used Spearman’s ρ and Fisher’s exact test to relate several risk factors 
to GM trajectory (remained normal or improved vs. remained abnormal), MOSs on day 7 and 
at 3 months. Finally, we used linear regression analyses to test whether MOSs at 3 months 
differed between infants treated with low-dose DXM and a historical cohort of infants who were 
treated with high-dose DXM (n=17) or hydrocortisone (HC; n=17).16 Previously, the median MOS 
between 11 and 17 weeks postterm was 24 with a standard deviation of 5.6.15 We considered a 
difference in MOS of 4 points relevant, resulting in a power of 84%. We adjusted for known risk 
factors for adverse neurological outcomes and/or variables that differed between the cohorts 
with P values <.01, i.e. GA, BPD, Nursery Neurobiologic Risk Score (NBRS), brain abnormalities on 
ultrasound, and the postnatal day of starting treatment. In order to meet the conditions required 
for linear regression analyses, we transformed MOSs into a negative logarithm with the formula: 
log(29.6 – [MOS]). Throughout the analyses, two-sided P values <.05 were considered statistically 
significant. We used SPSS 20.0 software (SPSS, Inc., Chicago, Ill., USA) for the analyses.
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Results
Patient characteristics

Table 1 provides an overview of the patient characteristics. All infants commenced DXM 
treatment after the second postnatal week.

Table 1. Patient characteristics.

Numbers (%) or median 
(minimum−maximum)

Boys/girls 10/7

Twins or triplets 2 (12%)

Birth weight (grams) 800 (620−1665)

Gestational age (weeks) 26.7 (25.0−29.7)

NBRS-revised 6 (2−11)

Apgar score at 5 minutes 7 (5−9)

Cumulative DXM dose (mg/kg)a 1.73 (1.09−4.57)

Cumulative equivalent cortisol dose (mg/kg)a,c 46.2 (29.1−122)

Postnatal day of start therapy (days) 22 (14−51)

Treatment duration (days)a 15 (6−66)

Mechanical ventilation (days) 23 (6−40)

Supplementary oxygen therapy >21% (days)b 107 (49−321)

Time to extubation (days after start DXM) 5 (1−40)

IVH grades I−II 4 (24%)

PVL grades I−II 0 (0%)

Sedative or anticonvulsant drugs 0 (0%)

Sepsis 5 (29%)

Seizures 1 (6%)

Patent ductus arteriosus 15 (88%)

Corticosteroids mother 15 (88%)

Died 2 (12%)

BPD

    no 1 (6%)

    mild 1 (6%)

    moderate 5 (29%)

    severe 10 (59%)

BPD, bronchopulmonary dysplasia; DXM, dexamethasone; IVH, intraventricular haemorrhage; NBRS, Nursery 

Neurobiologic Risk Score; PVL, periventricular leukomalacia. None of the infants had a grade III−IV IVH or a grade 

III−IV PVL. aAdditional alternate-day doses included. bMedian and range are presented excluding one infant who 

was diagnosed with a pulmonary valve stenosis. cEquivalent cortisol doses were calculated by multiplying the 

dose of DXM by 26.7 (the ratio HC:DXM being 20:0.75)
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Quality of GMs, fMs and Moss

The individual trajectories of GM/FM quality are presented in Figure 1. The percentages of infants 
with normal GM/FM quality increased significantly over time (P<.001). Out of 13 infants who 
initially showed abnormal GMs, 9 developed normal GMs/FMs (Table 2; P=.004). MOSs on day 
7 (median 12, range 9−17) tended to be higher than MOSs before DXM treatment (Figure 2; 
median 10, range 9−18; P=.082). 

Figure 1. Individual trajectories of GMs. Quality of GMs before DXM treatment started (day 0), 1 day (day 1), 2 

days (day 2), 1 week (day 7) after the first dose, at term age, and around 3 months postterm. N, Normal GMs 

(white); PR, poor repertoire (abnormal; gray); CS, cramped-synchronized (abnormal; dark gray); H, hypokinetic; 

black, died. Dashes represent missing recordings. 

Table 2. GM quality before DXM treatment and at the last recording, brain ultrasound during DXM treatment 

and outcome at 12–36 months’ corrected age.

GM quality before  

DXM treatment

GM quality  

last recording

Brain ultrasound during  

DXM treatment

Neurological outcome  

at 12 to 36 months

normal (n=4) remained normal  n=4 n=2 IVH grade I

n=2 normal

n=2 normal 

n=2 normal

became abnormal     n=0* − −

abnormal (n=13) became normal         n=9* n=2 IVH grade I

n=7 normal

n=1 mildly abnormal, n=1 normal

n=7 normal

remained abnormal   n=4 n=4 normal n=2 died, n=2 normal

*P=.004 McNemar. DXM, dexamethasone; GM, general movement; IVH, intraventricular haemorrhage. 

ID day 0 day 1 day 2 day 7 term age 3 months 
1 N N − PR − N
2 PR − N PR − −
3 PR − PR PR N N
4 N − N N N N
5 PR PR PR PR N N
6 N − N − − −
7 PR PR PR PR PR N
8 PR PR PR PR N N
9 N PR N PR − N

10 PR PR PR N N N
11 PR H PR PR CS
12 − PR N PR CS N
13 − PR PR PR PR N
14 PR PR PR − PR N
15 PR PR PR CS N
16 PR PR PR N N N
17 − PR PR PR
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dxM-related risk factors and GM trajectory, Mos on day 7 and at 3 months

Infants whose GMs/FMs remained normal or improved were on the ventilator for a shorter time 
and had higher birth weights than infants whose GMs/FMs remained abnormal (ρ=−0.524; 
P=.032 and ρ=0.499; P=.042, respectively). Infants who started DXM treatment later had higher 
MOSs on day 7 (ρ=0.499; P=.047). All infants whose GMs/FMs remained abnormal had severe 
BPD (P=.103). After excluding the 2 infants that died, the duration of mechanical ventilation was 
no longer associated with GM trajectory (P=.130). Cumulative DXM dose, treatment duration, 
time to extubation, duration of supplemental oxygen, GA, NBRS, and brain abnormalities were 
not associated with GM trajectory or MOSs on day 7 or at 3 months.

Figure 2. MOSs before therapy (day 0) and on day 7 following therapy. *P=.082.

Figure 3. MOSs at 3 months postterm in low-dose DXM infants, high-dose DXM infants, and HC infants. The 

data are presented as box-and-whisker plots. Boxes represent the individual values between the 25th and 75th 

centiles (interquartile range); whiskers represent the range of the values, with the exception of outliers. *P=.004.

comparison of Mos low-dose dxM with high-dose dxM and hydrocortisone

Low-dose DXM infants had higher MOSs at 3 months than high-dose DXM infants (Figure 3; 
β=−0.535; 95% CI –0.594 to –0.132; P=.003), even after adjustment for confounders (Table 3). 
MOSs at 3 months did not differ between low-dose DXM infants and HC infants.
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Table 3. Results of univariate and multiple regression for MOS in low-dose DXM infants, high-dose 

DXM infants and infants treated with HC.

MOS at 3 monthsa

β 95%, CI for B P

Low-dose DXM versus high-dose DXM

   Unadjusted −0.535 −0.594 to −0.132 .003*

   Adjusted for GA −0.543 −0.635 to −0.101 .009*

   Adjusted for GA + BPD −0.548 −0.645 to −0.098 .010*

   Adjusted for NBRS −0.527 −0.600 to −0.114 .006*

   Adjusted for IVH grades 3−4/PVL grades 3−4 −0.536 −0.602 to −0.124 .004*

   Adjusted for postnatal day start treatment −0.533 −0.632 to −0.091 .011*

Low-dose DXM versus HC

   Unadjusted −0.110 −0.156 to 0.091 .593

   Adjusted for GA −0.146 −0.158 to 0.072 .446

   Adjusted for GA + BPD −0.142 −0.161 to 0.077 .472

   Adjusted for NBRS −0.109 −0.159 to 0.094 .603

   Adjusted for IVH grades 3−4/PVL grades 3−4 −0.061 −0.147 to 0.110 .771

   Adjusted for postnatal day start treatment −0.168 −0.173 to 0.074 .416

BPD, bronchopulmonary dysplasia (defined as treatment with >21% O
2
 at 36 weeks postmenstrual age, i.e. mild, 

moderate, or severe BPD); DXM, dexamethasone; HC, hydrocortisone; IVH, intraventricular haemorrhage; MOS, 

motor optimality score; NBRS, Nursery Neurobiologic Risk Score; PVL, periventricular leukomalacia. BPD was 

defined as supplementary oxygen at 36 weeks PMA. aLinear regression analyses. *P<.05.

neurological outcome at 12–36 months’ corrected age

Two patients died of end-stage BPD; 1 died at 10 weeks after birth (37 weeks’ postmenstrual age) 
and the other at 20 weeks after birth (47 weeks’ postmenstrual age). Of the surviving infants, 
14 developed normally and 1 developed mildly abnormal (Table 2). Sensitivity and specificity 
were 0.67 and 0.86, respectively. Positive and negative predictive values were 0.50 and 0.92, 
respectively. Infants whose GMs/FMs remained normal or improved developed normally more 
often (12 out of 13) than infants whose GMs/FMs remained abnormal (2 out of 4; P=.019). 
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Discussion
Our study of preterm infants, including those who initially had abnormal GMs, indicated that 
following low-dose DXM treatment the quality of their GMs/FMs improved. In addition, we found 
that a shorter period of mechanical ventilation and starting treatment later were also associated 
with improved GM/FM quality. Infants treated with lower DXM doses had higher MOSs than a 
historical cohort of infants treated with higher doses. 
 The GM trajectories of low-dose DXM infants followed a similar course like the GM trajectories 
of untreated preterm infants in a previous cohort, with most infants’ GMs normalizing after 
the first week of life.14 We also found that infants who were started on DXM at later postnatal 
ages had higher MOSs on day 7 after treatment commenced. Perhaps the potentially adverse 
effects of DXM on the developing brain are mitigated if administered at a later age, when 
the cerebrovascular system is less vulnerable. This finding agrees with de Vries and Bos17 who 
observed that younger infants displayed abnormal GMs more often than older infants. 
 Our mortality rate (11.7%) was comparable to the 12.5% and 11.4% previously reported 
in infants treated with starting DXM doses <0.5 mg/kg/day.2,4 Of the surviving infants, only 1 
developed MND (6%), while the remainder showed no neurological abnormalities at follow-up, 
outcomes being more favorable than reported in a similar study including infants treated with 
high-dose DXM.10 In that study, 39% of infants developed CP, 39% developed MND, and 22% 
developed normally at the age of 1–2 years. The two study groups were comparable with regard 
to birth weight and GA, although treatment commenced earlier (median day 15) in the cohort 
of Bos et al.10 
 Although conclusive data on neurodevelopment are lacking,2-5,18-20  low-dose DXM treatment 
seems to be as effective as high-dose DXM treatment in weaning infants off the ventilator, 
lowering BPD rates, and in decreasing the total duration of supplemental oxygen.2,21 The rate 
of BPD in our study, however, was high (94%) compared to previous studies on low-dose DXM, 
e.g. BPD rates vary from 52 to 85.7%.2,22,23 Possibly the prevalence of BPD in our cohort was 
high because we started treatment in case the infants required rather high levels of respiratory 
support. Despite the high prevalence of BPD, we were able to extubate 59% of the infants within 
10 days, which was comparable to the 60% extubation success rate in infants treated with DXM 
at starting doses of 0.15 mg/kg.22 Furthermore, apart from the 2 infants who died of severe BPD, 
the remaining infants with either mild or moderate BPD all developed normally which is highly 
exceeding the 30% reported previously.11 
 Infants whose GMs/FMs remained abnormal were ventilated mechanically for a longer period 
than infants whose GMs/FMs remained normal or improved. This observation replicates findings 
by others who demonstrated that artificial ventilation was associated with deteriorating GMs or 
FMs.14,24 An explanation for the deterioration of GMs/FMs in infants with prolonged mechanical 
ventilation might be the disruption of the integrity of cerebral white matter.25 

 Low-dose DXM-treated infants had significantly higher MOSs at 3 months than high-
dose DXM-treated infants. Within the cohort of low-dose DXM infants, cumulative doses were 
not associated with GM trajectories or MOSs on day 7 or at 3 months. Starting doses of DXM 
might have a greater effect on the integrity of the central nervous system than the cumulative 
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doses of DXM. This hypothesis is supported by 2 randomized trials that reported comparable 
neurodevelopmental  outcomes at 18 months between infants treated with similar starting 
doses (0.5 mg/kg/day) but different cumulative DXM doses.21,26

 The strength of our study was its longitudinal design. By assessing GM/FM quality before 
and after DXM treatment, we could directly observe the effect of low-dose DXM on neurological 
functioning.
 Our study also had some limitations. First, the number of infants included was small and 
thus the results should be interpreted with caution. For example, to demonstrate differences 
in CP rates of 2% between infants treated with low-dose DXM compared to either HC-treated 
or untreated infants, we should have included over a thousand participants. Second, by not 
including a control group, we were unable to directly compare the GM/FM quality of low-dose 
DXM infants with untreated infants. In our cohort each infant served as its own control, and 
the normalization of GMs has proven to be a reliable predictor of neurological functioning.17 
This was confirmed in our cohort. Third, we compared MOSs of low-dose DXM treated infants 
with a historical cohort of infants treated with high-dose DXM or HC. Since the former were 
recruited between 2010 and 2012 and the latter between 1992 and 2006, the higher MOSs 
in low-dose DXM infants might also be attributable to overall improvements in neonatal care. 
Fourth, the duration of the follow-up was insufficient to draw definitive conclusions regarding 
long-term neurological functioning. Finally, outcome as reported in this study was limited to 
neurological functioning, so we might have missed cognitive or behavioral problems. Even so, 
mild abnormalities may only become evident at later ages.

Conclusion
In preterm infants at risk of BPD and treated with DXM at a starting dose of 0.25 mg/kg/day after the 
second postnatal week, neurological functioning improved over time. Neurodevelopment at the 
age of 12−36 months was normal in the majority of surviving infants. Nevertheless, randomized 
controlled trials of low-dose DXM and HC without an open-label use of corticosteroids are 
urgently needed to investigate long-term respiratory and neurological outcomes.
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Abstract

Background
Postnatal dexamethasone (DXM) treatment is associated with adverse motor outcome. It is 
largely unknown as to what extent functional outcome at school age is affected.
Aims
Our first aim was to determine motor, cognitive, and behavioural outcome at school age of 
preterm-born children treated with high-dose DXM for pulmonary problems. Our second aim 
was to identify DXM-related risk factors for adverse outcome.
Study design
In this cohort study, we included 53 very preterm-born children treated with DXM (starting dose 
0.5 mg/kg/d) after the first week of life. At the median age of 9 years, we performed a detailed 
neuropsychological assessment.
Results
Compared to the norm population, DXM-treated children scored worse on the Movement-ABC 
(abnormal fine motor, ball skills and balance: 59%, 47% and 30%, respectively). They more often 
had total (36%), verbal (32%) and performance IQs (55%) below 85 (P<.001, P=.002, P<.001, 
respectively). On each of the remaining measures, DXM-treated children scored worse than the 
norm population, except for verbal long-term memory and verbal recognition memory. DXM-
related risk factors were associated with poorer performance.
Conclusions
At school age, multiple domains of functional outcome were affected in DXM-treated children. 
Risk factors related to the use of DXM should be considered as serious potentiaters of adverse 
outcome in children treated with high-dose DXM.
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Introduction
In preterm infants, bronchopulmonary dysplasia (BPD) is still one of the most challenging 
complications with a reported overall incidence of 25%.1 Since the 1990s, preterm infants at risk 
for BPD were treated with dexamethasone (DXM), commonly in high doses (starting dose of 
≥0.5 mg/kg/d). The number of children worldwide that have been treated with this high-dose 
regimen is now estimated to be around 1 million. 
 A systematic review reported that high-dose DXM after the first week of life facilitated 
extubation, reduced the rate of BPD, and reduced neonatal mortality.2 Evidence also hints at DXM 
having detrimental effects on the developing central nervous system as illustrated by reduced 
brain growth,3 and an increased risk of cerebral palsy (CP).4 Regarding cognition and behavior, 
outcome studies of DXM-treated children are sparse and report predominantly on pre-school 
age outcome.5,6 The focus of most of these studies is primarily on broad outcome measures, 
such as motor outcome and intelligence, while information about the neuropsychological 
functioning, which underlies higher cognitive functioning, is lacking. 
 Apart from DXM, other variables such as ventilator duration, periventricular leukomalacia 
and seizures are suggested as possible risk factors for adverse outcome in DXM-treated children.7 
It remains largely unclear, however, if and to what extent functional outcome at school age is 
affected in children treated with high-dose DXM. Therefore, the first aim of this study was to 
determine the motor, cognitive, and behavioural outcome at school age of children treated with 
high-dose DXM. Our second aim was to identify DXM-related risk factors for adverse outcome in 
these children.

Methods
Patients

We selected all very preterm-born children (<32 weeks’ gestation) from our NICU patient 
database who had been admitted between 1999 and 2001, and treated with DXM at a starting 
dose of 0.5 mg/kg/d. Treatment indication was ventilator dependency after the seventh day of 
life in infants who were considered to be at risk for development of BPD with signs of BPD on 
chest X-ray, in whom weaning was stagnating despite optimal supportive therapy. We chose 
not to include DXM-treated children born after 2001 as they received lower starting doses of 
DXM following international recommendations.8 We excluded children with major congenital 
anomalies. We reviewed the medical charts for neonatal characteristics and cumulative doses 
of DXM. Head circumference (HC) at birth and at follow-up was expressed in z scores using 
appropriate reference data.9,10 Presence of BPD was defined as treatment with supplemental 
oxygen or continuous positive airway pressure (CPAP) at 36 weeks postmenstrual age. Cerebral 
pathology was determined using cranial ultrasound.11,12 DXM was administered following our 
treatment protocol. In the first three days all infants received DXM at a dose of 0.5 mg/kg/d. On 
the fourth day, the attending neonatologist decided whether to continue with either a short 
(10 days) or long (42 days) tapering course of DXM. Depending on the clinical course of the 
individual infant, the tapering course was sometimes shortened or prolonged. 
 Our design was an observational cohort study. We considered a case-control study, 
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but refrained from doing so. Preterm control infants would have differed on many neonatal 
characteristics, and not only on whether or not they were treated with DXM. If we would have 
matched our cases with children having BPD without DXM treatment, the groups would be 
different regarding disease severity of the BPD, as the most severely ill infants would have received 
DXM therapy. In such a design it is difficult to disentangle the effect of treatment with DXM and 
the effect of BPD on neuropsychological measures. Therefore, we compared our findings with 
existing literature on outcome in preterm-born children.

follow-up

We determined the presence of CP following Bax’ criteria.13 In the case of CP, gross motor 
functioning was scored using the Gross Motor Function Classification System (GMFCS).14 Only 
children without CP or with a GMFCS≤2 were invited prospectively to participate in an extension 
of the routine follow-up program. We assessed motor skills, intelligence, attention, verbal memory, 
visual perception, visuomotor integration, executive functioning, and behaviour at the age of 6 
to 12 years. Children who were lost to follow-up were excluded from the analyses. Parents gave 
their written informed consent prior to participation in the follow-up program. The study was 
approved by the Medical Ethics Committee of the University Medical Center Groningen.

Motor outcome

Motor outcome was assessed using the Movement Assessment Battery for Children (Movement-
ABC).15

cognitive outcome

Total, verbal, and performance intelligence were assessed using a shortened form of the 
Wechsler Intelligence Scale for Children, third edition, Dutch version (WISC-III).16 We assessed 
central visual perception and visuomotor integration with the subtests Geometric Puzzles 
and Design Copying of the NEPSY-II-NL (Neuropsychological Assessment, second edition), 
respectively.17 Verbal memory was assessed using a standardized Dutch version of Rey’s Auditory 
Verbal Learning Test (AVLT)18 testing immediate recall of words (learning capacity), delayed 
recall (long-term memory), and a delayed recognition trial. We assessed selective attention and 
attentional control with the subtests Map Mission and Opposite Worlds of the Test of Everyday 
Attention for Children (TEA-Ch), respectively.19 We obtained information on children’s executive 
functioning in daily life using the parental version of the Behavior Rating Inventory of Executive 
Function (BRIEF).20 Test scores obtained when a child was inattentive or too tired, as assessed by 
the trained experimenter, were excluded.

Behavioral outcome

We obtained information on children’s behavioural and emotional competencies and problems 
using the parental version of the Child Behavior Checklist (CBCL),21 and attentional functioning 
in daily life using the Attention Deficit Hyperactivity Disorder (ADHD) questionnaire.22
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statistical analyses

We classified the intelligence quotients (IQs) into ‘normal’ (IQ≥85), ‘borderline’ (IQ 70–84) 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–P14) and 
‘abnormal’ (<P5). For the ADHD questionnaire, BRIEF, and CBCL, we used a similar classification 
following the criteria in the manuals. To compare the outcome of the study group with the 
norm scores of the general population, we used the one sample Chi-square test. We used the 
Mann–Whitney u test to relate motor, cognitive, and behavioural outcomes to DXM-related risk 
factors. P<.05 was considered to be statistically significant. We used SPSS 20.0 software (SPSS Inc, 
Chicago, IL) for the analyses.

Results
Between 1999 and 2001, 1824 patients had been admitted to our NICU, of whom 77 had been 
treated with DXM. Nine (12%) died in the neonatal period; two had major congenital anomalies 
that became apparent during the first year of life. Of the remaining 66 children, 13 children 
could not be included for various reasons (Figure 1). Eventually, 53 children were included in 
this cohort. Of them, 12 had a major handicap. We excluded the children with a major handicap 
from the follow-up program resulting in 41 children participating in the follow-up program. Five 
children with a GMFCS≥3 were not tested but classified abnormal for Movement-ABC. Three 
children with severe cognitive and developmental delay were not tested but classified abnormal 
for intelligence.

Figure 1. Flowchart of DXM-treated children who were included for follow-up at school age.

N=77 infants treated with DXM 
between 1999−2001 

n=9 died 

n=66 study group  

n=53 (80%) included  

n=6 lost to follow-up 

n=5 written refusal 

n=5 GMFCS≥3 

n=2 non-Dutch language 

n=2 major congenital anomalies:  
- Neurofibromatosis I 
- deletion chromosome 1q21.1 

n=1 severe multiple somatic problems 

n=3 severe cognitive and 
developmental delay (IQ<60) 

n=3 severe hearing loss 
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Table 1. Patient demographics of DXM-treated children. 

Dexamethasone (n=53)

Boys/girls 38/15

Twin pairs 16 (30)

Gestational age (weeks) 27.1 (24.0−32.0)

Birth weight (g) 920 (480−1570)

IUGR (<P10) 12 (23)

Head circumference at birth (cm) 24.8 (20.0−29.0)

Head circumference at birth (z scores) −0.55 ± 1.26

Apgar score at 5 minutes 8 (1−10)

Asphyxia 5 (9)

Patent ductus arteriosus 42 (79)

late-onset morbidity

    Late-onset sepsis (positive blood culture) 23 (43)

    Necrotizing enterocolitis 2 (4)

    Retinopathy of prematuritya 14 (26)

    BPD (O
2
 at 36 weeks PMA) 36 (68)

Ventilatory support

   Mechanical ventilation (days) 28 (12−99)

   Supplemental oxygen >21% (days) 78 (13−1174)

cerebral pathology

    No cerebral pathology 18 (34)

    PVE > 7 days  8 (15)

    Mildb 14 (26)

    Severec 13 (25)

corticosteroids

    Prenatal corticosteroids 40 (75)

    Treatment duration (days) 14 (5−49)

    Postnatal day DXM started 13 (6−78)

    Gestational age DXM started 29.6 (25.4−40.6)

    Cumulative DXM dose (mg/kg) 4.58 ± 2.90

Mother’s level of education 

    ≤11 years of education 10 (25)

    12−13 years of education     23 (58)

    ≥14 years of education 7 (18)

Data are given as numbers (percentage), median (25th–75th percentiles), or mean ± SD. BPD, 

bronchopulmonary dysplasia; DXM, dexamethasone; IUGR, intra-uterine growth restriction; PVE, periventricular 

echodensities. aRetinopathy of prematurity grade II or worse. bMild cerebral pathologywas defined as grade 

I and II germinal matrix-intraventricular haemorrhage (GMH-IVH). cSevere cerebral pathology was defined as 

grade III GMH-IVH, periventricular haemorrhagic infarction, post haemorrhagic ventricular dilatation (PHVD), 

and cystic periventricular leukomalacia. PHVD was defined as a lateral ventricle size of >0.33 according to Evans’ 

index.
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Patient characteristics

Table 1 provides an overview of the patient demographics and the DXM-related risk factors of the 
DXM-children. No baseline differences were detected between DXM-children who participated, 
and survivors who did not participate (n=13, median GA 27.4 weeks, birth weight 1008 g).

follow-up

Patient characteristics of the DXM-children at follow-up are provided in Table 2.

Table 2. Patient characteristics of the DXM-children at follow-up.

Dexamethasone (n=53)

Age at follow-up (years, months) 9.2 (8.4−11.3)

Height z score −0.80 ± 0.83

Weight z score −0.45 ± 1.43

Head circumference z score −1.76 ± 0.98

Special education 17 (32)

Repeat classes 24 (45)

Glasses 6 (11)

Hearing aids 5 (9)

Major handicap 12 (23)

Data are given as numbers (percentage), median (25th–75th percentiles), or mean ± SD. A major handicap was 

defined as children with a GMFCS≥3, IQ<60, severe hearing loss, or multiple somatic problems. The one infant 

with multiple somatic problems had a tracheostomy with a cannula and was fed by percutaneous endoscopic 

gastrostomy. 

Motor outcome

Of the DXM-children, ten (20%) developed CP. Three children were classified as GMFCS level 
1, two children as GMFCS level 2, one child as GMFCS level 3, two children as GMFCS level 4, 
and two children as GMFCS level 5. Three children with severe cognitive and developmental 
delay were not tested, and one infant was too tired to complete the Movement-ABC. According 
to the Movement-ABC results (Table 3), 51% had abnormal total scores with most problems 
encountered on fine motor (59%) and ball skills (47%). When excluding the children with CP, 
33% of the children had abnormal total scores with 44% and 31% of children having abnormal 
scores on fine motor and ball skills, respectively. Compared to the norm population, DXM-treated 
children scored worse on all scales of the Movement-ABC.
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cognitive outcome

The results on cognitive outcome are shown in Table 3. Five children with a GMFCS≥3 were not 
tested for cognitive outcome. Total, verbal and performance IQs were normally distributed in 
our study population. Mean (±SD) total IQ was 88 ± 14, mean verbal IQ was 91 ± 15, and mean 
performance IQ was 86 ± 17. Compared to the norm population, more DXM-treated children 
had total, verbal and performance IQs below 85 (P<.001, P=.002, P<.001, respectively), and 
more children had a performance IQ below 70 (P=.001). On each of the remaining cognitive 
measures DXM-treated children scored poorer, except for verbal long-term memory and verbal 
recognition memory.

Behavioural outcome

Of the children, 19% fell in the abnormal range for total behavioural problems (P<.001; Table 
3). The problems most reported by the parents were related to internalizing behaviour (33%; 
P<.001). Regarding ADHD symptoms, percentages of children falling into the abnormal range 
were 10% for attentional problems, 21% for hyperactivity, and 12% for impulsivity problems.

dxM-related risk factors for adverse outcome

Presence of BPD was related to abnormal Movement-ABC scores, specifically with regard to 
fine motor skills (Chi-square; P=.002). Children with mild or severe cerebral pathology more 
often had abnormal ball skills (Chi-square; P=.009). Longer duration of mechanical ventilation, 
longer treatment duration and higher cumulative DXM doses were risk factors for borderline or 
abnormal long-term verbal memory (MWU; P=.005, P=.017 and P=.005, respectively). Starting 
DXM treatment later (postnatal days) was associated with abnormal externalizing behaviour 
(MWU; P=.040) and abnormal impulsivity behaviour (MWU; P=.004). Finally, we found that 
children with a smaller head circumference at follow-up more often had borderline or abnormal 
fine motor skills (MWU; P=.013).

Discussion
In this study we demonstrated that 51% of the children who had been treated with DXM as 
neonates had motor impairments of which 22% developed CP. Compared to the norm population, 
DXM-treated children more often had IQs below 85, and more often performed borderline or 
abnormal on all cognitive measures except for verbal long-term memory and verbal recognition 
memory. Furthermore, DXM-treated children more frequently exhibited behavioural problems, 
and symptoms of ADHD. The risk factors for adverse outcome in DXM-treated children were 
presence of BPD, cerebral pathology, mechanical ventilation, longer treatment duration, higher 
cumulative DXM-doses, later start, and smaller head circumference at follow-up. 
 The rate of CP previously reported for children 18 to 22 months old in whom DXM was 
started after the first week of life (21%)5 was similar to our rate of CP (20%). Compared to a 
Dutch cohort of very preterm children published recently23 we found more than twice as many 
children in the abnormal category for fine motor (59% versus 25%) and ball skills (47% versus 
14%). The number of children with abnormal balance was similar (29% versus 30%). This poorer 
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motor performance of DXM-treated children compared to preterm-born children who did not 
receive neonatal glucocorticoids confirms earlier results from Karemaker et al.24 Risk factors that 
may have contributed to poor motor outcome in our cohort were presence of BPD, and mild 
or severe cerebral pathology. Adverse effects on motor outcome have been reported before 
for BPD.7 Postnatal dexamethasone administration has been associated with a reduced head 
growth in the neonatal period.25,26 In our study group, the reduced head circumference at birth 
became even more reduced at school age. Possibly, the adverse effect of D XM-treatment on 
fine motor skills at school age may come about by impaired brain growth. 
 Regarding cognition, performance IQ was most affected with 16% of our cohort performing 
below 70. Compared to a cohort of very preterm children, in which 8% had a performance IQ 
below 70, the DXM-group was more affected.23 While we identified BPD as a possible risk factor 
for adverse motor outcome, BPD did not appear to be a risk factor for performance intelligence. 
This finding is consistent with a study in extremely-low-birth-weight infants grouped according 
to the presence or absence of BPD and DXM-treatment reporting on short-term outcomes.6 It 
was found that the Mental Developmental Index (MDI), assessed at 18–22 months, was lower 
in infants with BPD who had received DXM-treatment. On the other hand, MDI scores were 
similar for infants without BPD compared to infants with BPD, but who had not received DXM. 
None of the other risk factors were associated with performance IQ, which led us to believe that 
the lower performance IQ might be ascribed to DXM use in the neonatal period. Compared to 
previous research in preterm-born infants, visual perception, visuomotor integration, selective 
attention and attentional control were affected more in DXM-treated children.27 
 Previously, it was shown that DXM-treated children are prone to impairment of learning and 
memory after postnatal DXM-treatment suggesting hippocampal involvement.28,29 We indeed 
found that DXM children had poor verbal learning skills. However, the proportion of children 
who had borderline outcomes or worse for other aspects of verbal memory, i.e. long-term verbal 
memory and recognition, did not differ from the norm population and was rather small when 
compared to an equivalent cohort of preterm-born children (20% versus 28%, and 5% versus 
17%, respectively).27 Additionally, it appeared that mechanical ventilation contributed to worse 
long-term verbal memory as well. 
 In the present study, executive functioning was abnormal in 14%. This was comparable 
to 13% as reported by the parental BRIEF in a previous cohort study including VLBW and very 
preterm infants.30 
 Behavioral problems most reported by the parents were related to internalizing behaviour 
(33%). This percentage exceeded those of a Dutch cohort of very preterm children (7.0%).31 
Karemaker et al.24 did not find any differences between DXM-treated and untreated children on 
internalizing behaviour of the CBCL filled out by the parents, but did report more internalizing 
problems on the scores of the Teacher’s Report Form instead. In our study, however, Teacher’s 
Report Forms were not available. 
 The presence of ADHD symptoms (10%) was not different from a group of extremely preterm 
children (11.7%).32

 A striking finding in the present study is that multiple domains of functional outcome were 
affected, where only a few domains remained unaffected. It was recently demonstrated that 50% 
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of the preterm children had disabilities on 2 or more domains at 5 years of age.33 The combination 
of affected domains in our DXM-treated children, i.e. fine motor skills, visuomotor integration, 
visual perception, and attention suggests that dorsal visual stream information processing is 
affected, which has been proposed before to underlie frequently found impairments in these 
specific domains in very preterm infants and children.34,35 
 We found that children exposed to DXM on later postnatal days scored poorer with regard 
to externalizing and impulsivity behaviour compared to children exposed earlier. This is in 
line with Onland et al.36 who have shown that high DXM doses decreased the risk of adverse 
neurodevelopment with moderately early treatment (7–14 postnatal days), whereas this risk 
increases with delayed treatment (>3 weeks). In our study, the postnatal day on which treatment 
started, varied depending on the infants’ clinical courses. As a consequence, a few children 
started DXM after 3 weeks. 
 The strength of this study is that we examined a broad array of motor, cognitive, and 
behavioural functions in great detail. 
 We also recognize some limitations. First, the number of infants in our study was relatively 
small. Second, we did not perform the complete battery of neuropsychological tests in severely 
disabled children in our follow-up. The outcome of all DXM-children might have been better or 
worse than we reported. Third, we did not include a control group since an appropriate control 
group is non-existing for our research question. However, our study group represented all preterm-
born children treated with high-dose DXM during the study period which enabled us to provide 
reliable data on later functioning of this high-risk group of children. A final consideration is that 
we had no data on MRI findings because in the late 90s, MRI was not yet a part of standard clinical 
care. Still, we do not expect to have missed major brain lesions, as cranial ultrasound is able to 
detect most abnormalities that are associated with abnormal neurodevelopmental outcome.37 
Although high-dose DXM has not been used in routine practice since 2002, our findings have 
implications for the large number of children treated with high-dose DXM who are now 11 years 
and older. The impaired motor development and intelligence, combined with strengths and 
weaknesses in their neuropsychological functioning, are relevant for the appropriate choice of 
secondary school and later professional career. Thus, our results suggest that learning strategies 
depending on visual–spatial information processing should be avoided. However, since each 
child has its own range of deficits, teachers should be made aware of the unaffected domains of 
the individual child and implement learning strategies that depend largely on those domains.

Conclusions
At school age, a large proportion of preterm-born children treated with high-dose DXM 
experienced difficulties regarding motor performance, intelligence, visual perception, 
visuomotor integration, selective attention, attentional control, and internalizing behaviour 
when compared to existing literature on outcome of preterm-born children. In contrast to 
what was previously thought, verbal long-term memory and verbal recognition remained 
relatively spared. Finally, our data suggest that risk factors related to the use of DXM should be 
considered as serious potentiaters of adverse outcome in children treated with high-dose DXM.
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Abstract

Background
Polychlorinated biphenyls (PCBs) are ubiquitous environmental pollutants that are potentially 
toxic to the developing brain. Hydroxylated metabolites of PCBs (OH-PCBs) are suggested to be 
even more toxic. Little is known about their short-term effects on human health.
Objectives
To determine whether prenatal background exposure to PCBs and OH-PCBs was associated with 
the motor development of three-month-old infants.
Methods
Ninety-seven mother–infant pairs participated in this Dutch, observational cohort study. We 
determined the concentrations of PCBs and OH-PCBs in cord blood samples. When the infants 
were three months old we evaluated their motor development by assessing the presence and 
performance of spontaneous movement patterns from video recordings. We calculated a Motor 
Optimality Score (MOS). The score could range from low (5) to high (28) optimality. We explored 
the correlations between PCB and OH-PCB levels and MOS. Subsequently, we tested whether 
the levels differed between infants with a low (<26) or high (≥26) MOS and whether the levels 
associated with detailed aspects of their motor repertoires.
Results
We found several associations between PCB and OH-PCB levels and MOS, including detailed 
aspects of the early motor development. High 4-OH-PCB-107 levels were associated with 
a low MOS (P=.013). High PCB-187 levels were associated with reduced midline arm and leg 
movements (P=.047 and P=.043, respectively). High 40-OH-PCB-172 levels were associated with 
more manipulation (P=.033).
Conclusions
Prenatal exposure to high background levels of most PCBs and 4-OH-PCB-107 seems to impair 
early motor development, whereas only 40-OH-PCB-172 showed the opposite.
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Introduction
Polychlorinated biphenyls (PCBs), a significantly toxic group of industrial chemical compounds, 
were widely used commercially in, for example, hydraulic fluids, adhesives, inks and lubricants. 
Although the production and use of PCBs has been banned by law since 1985 in the Netherlands, 
humans and animals alike continue to be exposed to the contaminating effects of PCBs still 
remaining in the environment. Studies of populations with high exposures to PCBs caused by 
consuming contaminated fish, show neurobehavioral alterations in newborn infants.1 Some 
studies in humans reported that prenatal exposure to PCBs might have an impact on mental 
and motor development, while others did not (for review see Majidi et al).2

 During the last decade, techniques have become available to detect the hydroxylated 
metabolites of PCBs (OH-PCBs) in human serum. Previously, we reported a correlation between 
the PCB and the OH-PCB levels in maternal and umbilical cord plasma, indicating considerable 
placental transfer of these compounds.3 The OH-PCB levels in umbilical cord plasma were 
approximately 50% of maternal levels, whereas the PCB levels were approximately 30% of 
maternal levels. Regarding the effects of OH-PCBs on child development, studies are sparse. 
Exposure to one OH-PCB compound was negatively associated with neurodevelopment at the 
age of sixteen months.4 In a study of children at school age, prenatal exposure to background 
levels of OH-PCBs correlates with worse fine manipulative abilities, better attention, and better 
visual perception.5 Still, little is known about the toxicological impact of PCBs and especially of 
OH-PCBs on humans and very young infants in particular.
 A reliable, non-invasive method to evaluate the brain function of young infants is to assess 
the quality of their spontaneous motor repertoire.6 At the age of three months, the infant’s 
motor repertoire is characterized by so-called fidgety movements (FMs). These are spontaneous 
movements of small amplitude, moderate speed, and variable acceleration in all directions. 
FMs are highly predictive of subsequent neurological outcome: most infants (96%) with normal 
FMs have normal neurological outcomes, while most infants (95%) in whom FMs were absent 
during this specific period develop cerebral palsy.6 Several studies indicate that detailed aspects 
of FMs and the concurrent motor repertoire, as expressed in the Motor Optimality Score (MOS), 
are also valuable to assess neurological function in young infants7 and predictive for functional 
outcome at school age.8 As the period around 3 months after term is among the earliest when to 
assess development reliably, associations found between development and prenatal exposure 
to compounds may be relevant and important. Because of the limited time frame between 
exposure and assessment, effects of postnatal factors on development may be minimal.
 The aim of this study was to determine whether prenatal background exposure to OH-PCBs 
and PCBs was associated with the motor development of three-month-old infants. Since previous 
human and animal studies showed impaired developmental outcomes after prenatal exposure 
to OH-PCBs and PCBs, we hypothesized that exposure to higher levels of these compounds 
would be associated with poorer quality of the early motor development.
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Methods
cohort

Ninety-seven mother-infant pairs were included in this observational study between September 
1998 and December 2000. They were members of a cohort participating in prospective studies 
on exposure to PCBs and OH-PCBs and their potential effects on the development of the 
newborn infant.3 Women from the northern part of the Netherlands were invited to participate 
by their midwife or obstetrician. Only women of Western European origin, who spoke Dutch 
as their native language, were included. Women whose pregnancy or delivery had involved 
serious illness or complications were excluded. Only infants born at term (between 37 and 42 
weeks’ gestation), who had no congenital anomalies or diseases, were included. Infants who had 
been admitted to a hospital for more than one day after birth were not included. All parents had 
given their informed consent before videotaping commenced. The study was approved by the 
Medical Ethics Committee of the University of Groningen.

Measurement of PcBs and oh-PcBs

Umbilical cord blood samples were taken immediately after delivery. A detailed description of 
the analysis of the blood samples is provided by Soechitram et al.3 For this study the following
10 PCBs were measured: PCB-105, PCB-118, PCB-138, PCB-153, PCB-170, PCB-180, PCB-187, 
PCB-146, PCB-183, and PCB-156. The following six OH-PCBs were measured: 4-OH-PCB-107, 
30-OHPCB-153, 40-OH-PCB-146, 30-OH-PCB-138, 40-OH-PCB-187 and 40-OH-PCB-172. The 
parent PCB compounds of the measured OHPCBs are shown in Table 2A in Section 3.3 We used 
the same extraction and clean-up procedure as described by Hovander et al.9 The samples 
were analyzed at the analytical laboratory participating in the study. We numbered the PCBs 
according to Ballschmiter et al.10 and we numbered the OH-PCB congeners according to Letcher 
et al.11 Concentrations of PCBs are given in ng/g lipid in cord blood. Because they are hydrophilic, 
concentrations of OH-PCBs are expressed per gram fresh weight.

assessment of the motor development

Video recordings were made at approximately three months of age during an outpatient visit to 
the clinic. A 10-minute optimal recording is sufficient to reliably assess the quality of an infant’s 
motor repertoire.6 All recordings were made with the infants lying supine and dressed lightly 
and comfortably. The infants’ arms and legs were bare and they could move their limbs and 
trunks freely. The recordings were made during a period of active wakefulness. Interferences 
were avoided during recording. We also took care that the infants were not fussing, crying or 
sucking on a pacifier, as it is impossible to assess the quality of the motor repertoire under such 
circumstances.
 The motor development of the three-month-old infants was assessed off-line by authors 
SAB and MMH according to the method described by Einspieler and Prechtl6 and Bruggink et 

al.8 MMH is certified by the GM Trust as an advanced scorer. SAB was trained by AFB and MMH. 
Author AFB is a licensed tutor and co-founder of the General Movements Trust. In case of doubt 
on the presence of normal or abnormal FMs or about the assessment of the MOS, the infants’ 
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recordings were re-evaluated with AFB to make the definitive judgment.
 First, we assessed the quality of the FMs. Normally, FMs first occur at six to nine weeks 
postterm, and remain present until 15–20 weeks, at which age intentional and antigravity 
movements appear and start to dominate the repertoire. We classified FMs as normal (N) or 
abnormal (A). Normal FMs are movements of small amplitude, moderate speed, and variable 
acceleration and involve movements of the neck, trunk, and limbs, in all directions. They are 
continually present, except during fussing and crying. Abnormal FMs resemble normal FMs but 
are exaggerated regard to amplitude, speed, and jerkiness. If FMs were not observed we noted 
this as ‘absence of fidgety movements’ (classified as abnormal FMs).
 Second, we performed a more detailed analysis of the motor development by combining 
the quality of FMs with the concurrent motor repertoire. We used the Motor Optimality List 
compiled by Bruggink et al. to determine the infant’s MOS at three months postterm.8 The list 
distinguishes three aspects of the motor development: movement patterns, postural patterns, 
and movement character. The Motor Optimality List consists of five subcategories covering 
these three aspects:

1)  Fidgety movements (FMs)
2)  Repertoire of co-existent other movements
3)  Presence and normality of individual movement patterns
4)  Presence and normality of individual postural patterns
5)  Quality of the concurrent motor repertoire

Each subcategory, except FMs, is assigned a score of either 4, 2, or 1, in descending order of 
normality. FMs are assigned a score of either 12 (normal), 4 (abnormal), or 1 (absent). The sum of 
the scores of these subcategories is the Motor Optimality Score. For three-month-old infants MOS 
can range from low optimality with a minimum of 5 points to high optimality with a maximum 
of 28 points. In addition to MOS, we also dichotomized the score into a low (<26) or high (≥26) 
MOS. A low MOS is characterized by an abnormal score on more than one subcategory of the 
Motor Optimality List.
 Finally, we determined which subcategories explained the lower MOS, i.e. were non-optimal. 
Next we analyzed those subcategories that were non-optimal in more than one fifth of the 
group of infants in more detail, to determine which movement and/or postural patterns, or 
which qualitative aspect of movement character, were responsible for the lower scores.

Inter-observer reliability

Because the qualitative assessment of the movements is based on pattern recognition, 
it is important that the inter-observer agreement is adequately high, so the method can be 
considered as objective. Einspieler et al.12 found an inter-observer agreement with Cohen’s kappa 
between 0.78 and 0.98 and Fjørtoft et al.13 reported an inter-observer reliability in the assessment 
of FMs with Cohen’s kappa of 0.75–0.91. Regarding presence of movement and postural patterns 
disagreement was reported between observers ranging from 1.2% for movement patterns and 
2.6% of postural patterns.8
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statistical analyses

For statistical analyses we used the Spearman rank correlation test and the Mann–Whitney u test 
to investigate correlations and associations between prenatal exposure to PCBs and OH-PCBs 
and several outcome variables. We used the following outcome variables:

1)  Quality of FMs;
2)  Scores on the Motor Optimality List, including MOS with subdivision in high MOS (≥26) and  
 low MOS (<26);
3)  Aspects of the subcategories of the Motor Optimality List, including movement clusters and  
 the character of the movements, if more than one fifth (20%) of the group of infants had  
 non-optimal scores regarding this particular subcategory.

We used logistic regression models to investigate the ORs. To determine whether the relation 
between PCBs and OH-PCBs and the quality of the motor development was confounded by other 
characteristics (gender, gestational age, birth weight, age at recording, maternal education level, 
and maternal smoking and alcohol consumption during pregnancy), we performed univariate 
logistic regression analyses. These characteristics were considered as possible confounders if 
they had a P value of less than .20 in the univariate analysis model. We performed multivariate 
logistic regression analyses (method: enter) to assess whether these confounders had influenced 
our results. A P value of less than .05 we considered statistically significant and a P value of more 
than .05 but less than .10, marginally significant. We used the Statistical Package for the Social 
Sciences, version 18.0.3 (SPSS Inc, Chicago, IL) for the statistical analyses.

Results
Of the 104 infants initially included in the study, seven were later excluded for various reasons: 
for three infants no PCB or OH-PCB values were available, two infants had not been videotaped 
at three months due to logistic reasons, and two infants were excluded because their motor 
development could not be evaluated from videotape because the recordings were too short. The 
final study group consisted of 97 mother–infant pairs. In Table 1 we present the characteristics 
of the mothers and infants who participated. The median age of the infants at the time of 
videotaping was 14 weeks (range 11–17 weeks). The concentrations of all measured PCBs and 
their respective OH-PCBs are given in Table 2A.

Motor development

Out of the 97 infants, 96 showed normal FMs. One infant had abnormal FMs. MOS in our study 
group ranged from 18 to 28. Out of the 97 infants, seventeen infants had a low MOS (<26) 
and eighty infants had a high MOS (≥26). Table 1 illustrates that a relatively large proportion 
of the infants had abnormal scores on the second and fifth subcategories. We examined these 
subcategories in more detail. The second subcategory on the Motor Optimality List assesses the 
age-adequacy of the repertoire of coexistent other movements. Twenty infants had abnormal 
scores on this subcategory. As shown in Table 2B, we clustered several movement patterns into 
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one of four categories to provide more detail. Most infants showed midline leg movements, 
manipulation movements, and antigravity movements, while approximately a third of the 
infants showed no midline arm movements. Manipulation includes the following movement 
patterns: hand–hand manipulation, foot–foot manipulation and fiddling at cloths or blanket. 
The fifth subcategory on the Motor Optimality List scores the character of the concurrent 
movements and represents a global score of movement character. Fifty infants showed smooth 
and fluent movement character, whereas 47 infants showed abnormal movement character. 
The frequencies of abnormal movement characters are given in Table 2B. Several infants scored 
more than one abnormal movement character, e.g. monotonous and cramped.

Table 1. Characteristics of the study group (n=97 mother-infant pairs).

 Characteristic Value

 Gender, male/female 51/46

 Gestational age (weeks) 40 ± 1

 Apgar score 3 min 10 (6−10)

 Birth weight (grams) 3607 ± 494

 Maternal education level

       Below average (≤11 years education) 13

       Average (12−13 years education) 40

       Above average (≥14 years education) 44

 Maternal smoking during pregnancy yes/no 22/75

 Maternal alcohol consumption during pregnancy yes/no 24/73

 Age at recording (weeks) 14 ± 1

 Motor Optimality Score 26 (18−28)

   1)   Fidgety movements 96/1

   2)   Repertoire of co-existent other movements 77/20

   3)   Presence and normality of individual movement patterns 95/2

   4)   Presence and normality of individual postural patterns 96/1

   5)   Quality of the concurrent motor repertoire 50/47

Data are given as frequencies (n/n), median (min−max), or mean ± SD. The subcategories of the Motor 

Optimality List are displayed as number of infants with normal/reduced scores.
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Table 2A. Placental concentrations of PCBs and their respective OH-PCBs.

Compound Concentration 

(ng/g lipid weight)

Compound Concentration 

(ng/g fresh weight)

PCB-105 4.0 (2.1−11.0) 4-OH-PCB-107 0.067 (0.039−0.102)

PCB-118 20.9 (14.6−32.8)

PCB-138 67.9 (47.3−86.3) 4-OH-PCB-146 0.070 (0.053−0.102)

3’-OH-PCB-138 0.046 (0.033−0.066)

PCB-153 89.8 (63.1−124.0) 3’-OH-PCB-153 0.038 (0.025−0.055)

4-OH-PCB-146

PCB-170 19.0 (13.1−25.6) 4’-OH-PCB-172 0.017 (0.010−0.022)

PCB-180 44.9 (31.2−58.7)

PCB-187 11.8 (8.5−17.4) 4’-OH-PCB-187 0.137 (0.105−0.174)

PCB-146 8.0 (4.6−13.2)

PCB-183 8.1 (5.5−10.4)

PCB-156 11.1 (7.6−14.5)

Sum PCBs 290.0 (215.7−391.4) Sum OH-PCBs 0.389 (0.288−0.535)

Data are given as median (interquartile range).

Table 2B. Aspects of the second and fifth subcategory of the Motor Optimality List (n=97).

Movement clusters Present Absent

Midline arm movements 61 36

Midline leg movements 91 6

Manipulation 86 11

Antigravity movements 94 3

Character (global score) Present Absent

Jerky 13 84

Monotonous 25 72

Cramped 10 87

Cramped-synchronized 1 96

Tremulous 15 82

Stiff 18 79
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PcB and oh-PcB levels and motor development

We found no associations between PCB and OH-PCB levels and the quality of FMs. We also found 
no correlations between PCB and OH-PCB levels and MOS. After dichotomizing MOS into a low 
and high MOS, higher levels of OH-PCB-107 were found to relate to low MOS (P=.04). No other 
compound was associated with a low MOS (see Supplementary material). Exposure to higher 
OH-PCB-107 was associated with a reduced repertoire of co-existent other movements (P=.08).
 Next, we investigated whether exposure to PCBs and OH-PCBs was associated with the 
movement clusters within the repertoire of co-existent other movements (Table 3). High levels 
of PCB-187 were associated with reduced midline arm movements and reduced midline leg 
movements, P=.04 and P=.06, respectively. High levels of PCB-183 were associated with reduced 
midline leg movements and reduced manipulation, P=.01 and P=.05, respectively. High levels 
of 40-OH-CB172 were associated with more midline leg movements and more manipulation, 
P=.04 and P=.02, respectively. We also found an association between exposure to some PCB 
levels and the presence of antigravity movements. High levels of the following compounds were 
associated with reduced antigravity movements: PCB-118, PCB-146, PCB-105, PCB-138 (P<.05). 
The associations between high levels of PCB-153, PCB-156, and the sum of the PCBs measured, 
were nearly significant with reduced antigravity movements (P<.10). We then determined 
whether exposure to PCBs and OH-PCBs was associated with movement character. Regarding 
the scores on the fifth subcategory, quality of the concurrent motor repertoire, we found that 
high levels of PCB-118 and PCB-138 were associated more frequently with a cramped movement 
character (P=.05 and P=.09, respectively). The sum of the PCB levels measured was also more 
frequently associated with a cramped movement character (P=.09).

Multivariate analyses

We determined whether other factors might have confounded our findings. Univariate logistic 
regression analyses revealed that only maternal smoking during pregnancy, a higher gestational 
age, and female gender were associated with a low MOS at P<.20 (Table 4). Next, we performed  
univariate logistic regression analyses to determine the odds ratios (ORs) for the effect of 
exposure to PCBs and OH-PCB compounds on the motor development. In Table 5 we present 
those ORs that almost reached significance at P<.10. Finally, we repeated the logistic regression 
analyses adjusting for these potential confounders and provide the adjusted ORs in Table 5 as 
well. Although the ORs did not change much after adjustment, some significant associations 
disappeared. Others remained significant. These included the associations between PCB-118, 
PCB-187, 4-OH-PCB-107, 40-OH-CB172 and several aspects of the motor development.
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Table 4. Unifactorial analyses of factors associated with MOS <26.

Variable OR (95% CI) P value

Female gender 2.36 (0.79−7.00) .123 *

Gestational age >40 weeks 2.53 (0.76−8.43) .131 *

Birth weight >3660 grams 0.49 (0.17−1.46) .203

Recording <30 min after feeding 0.67 (0.04−10.25) .771

Maternal smoking during pregnancy 3.03 (0.99−9.27) .052 *

Maternal alcohol use during pregnancy 1.34 (0.42−4.28) .624

Age at recording >14 weeks 0.63 (0.20−1.95) .417

MOS, Motor Optimality Score. *P<.20.

Table 5. Associations between PCB and OH-PCB levels and aspects of the motor repertoire.

Compound Observed movement patterns OR (95% CI) OR adjusted for 

confoundersa (95% CI)

PCB-118 Absent antigravity movements 1.41 (0.98−2.04)b,* 1.84 (1.02−3.32)b,**

PCB-146 Absent antigravity movements 4.09 (0.81−20.64)b,* 3.80 (0.65−22.26)b

PCB-138 Absent antigravity movements 1.27 (0.96−1.68)b,* 1.21 (0.90−1.62)b

PCB-187 Absent midline arm movements 1.96 (1.01−3.79)b,** 1.81 (0.89−3.67)b

Absent midline leg movements  2.80 (1.03−7.57)b,**   2.74 (0.96−7.87)b,*

PCB-156 Absent antigravity movements 11.06 (0.73−168.85)b,* 8.47 (0.48−148.96)b

PCB-170 Absent midline arm movements 1.57 (0.94−2.64)b,* 1.46 (0.85−2.53)b

Sum PCBs Absent antigravity movements 1.07 (0.99−1.15)b,* 1.06 (0.98−1.15)b

4-OH-PCB-107 MOS <26 3.56 (1.30−9.73)c,** 2.79 (0.94−8.32)c,*

Reduced repertoire of  

co-existent other movements      

3.32 (1.26−8.74)c,**   2.79 (0.99−7.83)c,*

4’-OH-PCB-172 Absent midline leg movements 0.17 (0.02−1.38)d,* 0.17 (0.02−1.42)d

Absent manipulation 0.24 (0.06−0.89)d,**   0.19 (0.05−0.79)d,**

MOS, Motor Optimality Score. *P<.10, **P<.05. aConfounders were gender, gestational age and maternal 

smoking during pregnancy. bPer 10 ng/g lipid weight. cPer 0.10 ng/g fresh weight. dPer 0.01 ng/g fresh weight.

Discussion
This observational cohort study indicated that prenatal background exposure to PCBs and OH-
PCBs may be associated with the motor development of three-month-old infants. We found no 
associations between PCB and OH-PCB levels and the quality of FMs, but associations did exist 
between several PCBs and OH-PCB levels and aspects of the infants’ motor development. Firstly, 
prenatal exposure to higher levels of 4-OH-PCB-107 was associated with a poorer quality of 
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the motor development as reflected by a lower MOS. Secondly, some PCBs and OH-PCBs were 
associated with the acquisition of developmental milestones, such as the presence of midline 
movements, manipulation, and antigravity movements. Most associations might indicate delayed 
development of age-adequate movements after exposure to higher levels of the compounds, 
except for some associations where we found the opposite. Thirdly, exposure to higher levels of 
OH-PCB-118 was associated more frequently with a cramped movement character. The results 
partially confirmed our hypothesis that prenatal exposure to higher PCB and OH-PCB levels was 
associated with a poorer quality of the early motor development.
 Our most important finding was that exposure to high 4-OHPCB-107 levels was associated 
with a low MOS (<26), although the strength of the association weakened after adjustment for 
confounders. No other PCBs or OH-PCBs correlated with MOS. Higher levels of 4-OH-PCB-107 
were associated almost significantly with a reduced repertoire of co-existent other movements. 
That 4-OH-PCB-107 might be more toxic compared to other OHPCB compounds is consistent 
with findings in earlier studies in humans and animals. Regarding a study in rats, this metabolite 
was found to induce long-term adverse effects on behavior and neurodevelopment in rats.14 
In human studies, Park et al. found that 4-OH-PCB-107 is the only metabolite that associates 
significantly with a decrease in the Mental Development Index of 16-month-old infants.4

 A second important finding of our study was that prenatal exposure to higher PCB and 
OH-PCB levels was associated with the development of age-adequate movement patterns. 
Exposure to higher levels of 40-OH-PCB-172 was associated with more manipulation and more 
midline leg movements. We found a near-significant association of exposure to higher levels 
of 4-OHPCB-146 and 4-OH-PCB-187 and more manipulation. The study by Roze et al. suggests 
negative effects of hydroxylated metabolites on manipulation in infants at school age, while we 
found predominantly positive effects on manipulation in three month-old infants.5

 Unlike exposure to OH-PCBs, exposure to higher levels of PCBs was negatively associated 
with the development of age-adequate movements. Exposure to higher levels of PCB-105, PCB-
187, PCB-183, and PCB-170 was associated with reduced midline movements of arms or legs 
or of arms and legs. Exposure to higher levels of PCB-183 was also associated with reduced 
manipulation. Although only three infants had no antigravity movements, we would like to 
emphasize that we did find an association between exposure to higher levels of 6 out of 10 PCBs 
and absent antigravity movements. Our findings may suggest that prenatal exposure to higher 
levels of PCBs has negative effects on motor development. Whether these negative effects 
persist during later life requires further study.
 Our results of adverse effects of PCBs on motor development were also consistent with 
findings in animal studies. For a review see Faroon et al.15 Two studies suggested that OH-
PCBs might be even more neurotoxic than PCBs.16,17 We could confirm this for OH-PCB-107. In 
general, however, our findings in three-month-old infants suggested that exposure to OH-PCBs 
might be less neurotoxic compared to exposure to PCBs. Interestingly, we even found positive 
associations between motor development and several OH-PCBs. It is difficult to determine what 
the implications of these findings are for functioning in later life. A possible explanation for the 
difference in neurotoxicity between PCBs and OH-PCBs might be the difference in exposure 
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levels: the exposure to PCBs was higher compared to the exposure to OH-PCBs. This observation 
requires more detailed study.
 Our last finding was that exposure to higher levels of PCB-118 was associated more 
frequently with cramped movements. The association of exposure to PCB-138 and the sum of 
the PCBs measured nearly reached significance with cramped movements. Exposure to PCB and 
OH-PCB levels was not associated with other abnormal movement characters. Further study is 
required to evaluate the relation between prenatal exposure to environmental toxins and motor 
development, including movement character, in later life.
 Our findings can be explained in several ways. Although there are many theories on the way 
PCBs and their hydroxylated metabolites may affect neurodevelopment, the main hypothesis 
involves disruption of thyroid hormone homeostasis.18 Thyroid hormones regulate neuronal 
proliferation and cell migration and differentiation, as well as the timing of these processes. 
Studies in rats showed that the transport of thyroid hormone to the brain requires thyroxine (T4) 
to pass through the blood–brain barrier by binding to the thyroid hormone transport protein 
transthyretin (TTR).19 A study on rats found that the metabolite 4-OH-PCB-107 binds to TTR in 
maternal and fetal plasma, suggesting that the binding of a compound to TTR in vivo could 
lead to facilitated maternal to fetal transfer, decreased maternal and fetal plasma T4 levels, and 
decreased fetal brain T4 levels.20 Hydroxylated metabolites of PCBs show in vitro binding affinities 
as high as 12 times the binding affinity of the natural ligand T4.21 According to these findings 
the binding of OHPCBs to TTR may lead to brain thyroid hormone deficiencies in utero, possibly 
affecting brain development.
 The strength of our study is that we examined in great detail the influence of prenatal 
background exposure to PCBs and OHPCBs on several aspects of motor development at a very 
young age. There are, however, several limitations that need to be pointed out.
 The first limitation of our study is the high likelihood of Type I error because of the large 
number of comparisons. Because we tested PCBs and OH-PCBs in relation to specific aspects of 
the quality of infants’ motor development, some results could be due to chance. Nevertheless, 
we believe that exploring different PCBs and OH-PCBs was justified as part of a careful evaluation 
of a rich data set in the context of hypothesis-driven research.22 We aimed to report our results 
transparently, therefore we did not adjust our threshold for significance for multiple comparisons. 
Being a hypothesis generating study, and considering the fact that we investigated background 
exposures of PCBs and OH-PCBs, we focused in our analyses in particular on associations, and 
also regarded those with significance P<.10 as potentially interesting.
 A second limitation is the small sample size. We included 104 mother-infant pairs in our 
study of which data from 97 mother-infant pairs could be analyzed.
 A third limitation is that we included the mother–infant pairs on a voluntary basis. Although 
we expected to have drawn a random sample of mothers from our region, a certain amount 
of bias on the part of the mothers cannot be ruled out. On one hand, some mothers may have 
been aware of the concerns about these environmental pollutants and would perhaps have 
been selective about what they ate. On the other hand, other mothers may have been equally 
aware of the concerns but may have lacked the means of being selective about their food-intake 
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and worried about what they had eaten as a consequence. Nevertheless, we believe that on the 
whole our sample is a valid representation of the population in our region.
 A fourth limitation is that since the threshold levels of the toxicity of PCBs and OH-PCBs are 
unknown, we did not statistically test low versus high PCB and OH-PCB levels in relation to the 
early motor development.
 A final limitation is that we cannot exclude the possibility of confounding by other persistent 
organic pollutants. Nevertheless, it seems rather unlikely that these pollutants associated with 
only one PCB metabolite, i.e. 4-OH-PCB-107, to the exclusion of other metabolites in our study.

Conclusions
Prenatal exposure to high background levels of most PCBs and 4-OH-PCB-107 seems to 
impair the motor development of three-month-old infants, whereas only 40-OH-PCB-172 was 
associated with a more optimal quality of the infants’ motor development. Our results suggested 
that prenatal exposure to background levels of PCBs and their metabolites may influence the 
motor development in three-month-old infants adversely and sometimes favorably. In general, 
the PCBs seem more neurotoxic than their metabolites. More research is needed to investigate 
whether prenatal exposure is also associated with functional developmental outcomes in later 
life.
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Supplementary material.

Supplement. Associations between PCB and OH-PCB levels and MOS <26.

Compound OR (95% CI) OR adjusted for 

confounders a (95% CI)

PCB-118 0.92 (0.66−1.28)b 0.92 (0.64−1.32)b

PCB-146 0.94 (0.39−2.26)b 0.80 (0.31−2.07)b

PCB- 153 1.01 (0.90−1.14)b 0.97 (0.86−1.10)b

PCB-105 0.74 (0.35−1.55)b 0.73 (0.37−1.45)b

PCB-138 1.05 (0.90−1.23)b 1.01 (0.85−1.19)b

PCB-187 1.20 (0.56−2.58)b 0.93 (0.41−2.10)b

PCB-183 0.97 (0.81−1.16)b 0.94 (0.79−1.13)b

PCB-156 0.80 (0.27−2.38)b 0.64 (0.20−2.10)b

PCB-180 1.01 (0.78−1.31)b 0.96 (0.73−1.26)b

PCB-170 1.15 (0.61−2.14)b 0.98 (0.50−1.90)b

Sum PCBs 1.01 (0.97−1.05)b 1.00 (0.96−1.04)b

4-OH-PCB-107 3.56 (1.30−9.73)c,** 2.79 (0.94−8.32)c,*

3’-OH-PCB-153 1.55 (0.26−9.05)c 1.08 (0.14−8.42)c

4-OH-PCB-146 1.39 (0.43−4.54)c 1.32 (0.37−4.66)c

3’-OH-PCB-138 2.18 (0.61−7.85)c 1.77 (0.41−7.55)c

4’-OH-PCB-187 1.42 (0.56−3.60)c 1.39 (0.52−3.72)c

4’-OH-PCB-172 0.67 (0.30−1.53)d 0.65 (0.28−1.51)d

Sum OH-PCBs 1.24 (0.93−1.65)c 1.18 (0.86−1.62)c

MOS, Motor Optimality Score. **P<.05, *P<.10. 
aAdjusted for the confounders gender, gestational age and maternal smoking during pregnancy.
bper 10 ng/g lipid weight.
cper 0.10 ng/g fresh weight.
dper 0.01 ng/g fresh weight.
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wiTH molybdEnum CofACToR TyPE A 

dEfiCiEnC y TREATEd wiTH CPmP

CHAPTER  6



Abstract
Molybdenum cofactor deficiency (MoCD) is a lethal autosomal recessive inborn error of 
metabolism with devastating neurologic manifestations. Currently, experimental treatment 
with cyclic pyranopterin monophosphate (cPMP) is available for patients with MoCD type A 
caused by a mutation in the Mocs-1 gene. Here we report the first case of an infant, prenatally 
diagnosed with MoCD type A, whom we started on treatment with cPMP 4 hours after birth. The 
most reliable method to evaluate neurologic functioning in early infancy is to assess the quality 
of general movements (GMs) and fidgety movements (FMs). After a brief period of seizures 
and cramped-synchronized GMs on the first day, our patient showed no further clinical signs 
of neurologic deterioration. Her quality of GMs was normal by the end of the first week. Rapid 
improvement of GM quality together with normal FMs at 3 months is highly predictive of normal 
neurologic outcome. We demonstrated that a daily cPMP dose of even 80 µg/kg in the first 
12 days reduced the effects of neurodegenerative damage even when seizures and cramped-
synchronized GMs were already present. We strongly recommend starting cPMP treatment as 
soon as possible after birth in infants diagnosed with MoCD type A.
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Introduction
Molybdenum cofactor deficiency (MoCD) is a rare inherited metabolic disorder leading to a 
combined deficiency of sulfiteoxidase, xanthinedehydrogenase, and aldehyde oxidase,1 as 
well as amidoxime.2 The accumulation of sulfite due to lack of sulfite oxidase probably causes 
progressive neurologic damage and death in early infancy.3 Type A is most common (Figure 
1) and occurs in approximately two-thirds of patients. Life-long intravenous administration of 
the missing substance, cyclic pyranopterin monophosphate (cPMP), is a potentially effective 
treatment strategy for these patients. In the first treated patient, cPMP substitution commenced 
36 days after birth.4 Despite the initial promising results, the patient developed signs of 
quadriplegic cerebral palsy at 18 months. Therefore, starting treatment as soon as possible after 
birth is of utmost importance.5 Over the years, attention has been drawn increasingly to the need 
for early identification of infants at risk for neurologic impairment. The most reliable method to 
evaluate neurologic functioning up to 5 months after term is the assessment of the quality 
of general movements (GMs) from video recordings.6,7 Normal GMs are complex and variable, 
whereas abnormal GMs appear monotonous with reduced complexity and variability.7 At ~3 
months, GMs acquire a fidgety character (i.e., continuous small movements of moderate speed 
in all directions). The quality of these fidgety movements (FMs), normally present between 9 and 
20 weeks after term, is a particularly accurate marker for neurologic deficits: most infants (96%) 
with normal FMs have normal neurologic outcomes, whereas most infants (95%) in whom FMs 
are absent during this period develop cerebral palsy.8 
 We report here on the neurodevelopmental outcome of a patient, diagnosed prenatally 
with MoCD type A, in whom experimental treatment with cPMP commenced 4 hours after 
birth.

Patient presentation
clinical presentation

Our patient was the fifth child of healthy, white, nonconsanguineous parents. They had 2 healthy 
boys, but their 2 girls both presented with seizures on day 1 and died shortly afterwards. The first 
girl was thought to have had either sepsis or congenital heart disease, whereas in the second girl, 
urine levels of sulfite, sulfocysteine, xanthine, and hypoxanthine were elevated and compound Z 
(cPMP oxidation product) was absent without cPMP being detected. Subsequent DNA analysis 
revealed homozygosity for the 418+1G>a mutation in the Mocs-1 gene, proving MoCD type A 
deficiency.
 In the infant described here, prenatal diagnosis was based on DNA assessment. Birth was 
induced at 36+3 weeks of gestation: the potential benefits of early treatment outweighing the 
risks of prematurity. After an uncomplicated delivery, a hypo-active girl was born revealing low 
muscle tone and hyperreflexia (birth weight: 3235 g; Apgar 8/8 at 1 and 5 minutes). Because of 
low pulse oxygen saturation and hypotension, she required continuous positive airway pressure, 
oxygen, and repeated saline infusions and dopamine up to 12 hours after birth.
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Figure 1. Schematic presentation of molybdenum cofactor biosynthesis in humans. According to subsequent 

steps in the metabolic pathway, 3 subtypes of MoCD can be distinguished: type A, B, and C involving genetic 

mutations in Mosc-1, Mosc-2, and Mosc-3, respectively. cPMP, cyclic pyranopterin monophosphate; GTP, 

guanosine triphosphate; MPT, molybdopterin.3

dosing schedule and intravenous administration of cPMP

After parental consent and approval by the review board, experimental treatment with cPMP 
commenced 4 hours after birth (see dosing schedule in Table 1). In the absence of detailed dose 
finding and safety studies, cPMP was increased to 160 µg/kg per day on day 35 following the 
treatment schedule of the first patient.4 Given the excellent tolerability of 240 µg/kg per day in 
the initial patient (oral communication), cPMP was increased to 240 µg/kg per day to achieve 
lowest possible SSC levels. After discharge (10 weeks), cPMP infusion was continued once daily 
by the parents per central venous access.

Table 1. cPMP treatment protocol.

Day of treatment Total daily dose 

(μg/kg)

Number of infusions 

per day 

cPMP dose

(μg/kg)

Infusion time 

(minutes)

1 80 1 8 30

1 80 2 8 30

1 80 3 8 30

1 80 4 56 120

2−4 80 1 8 30

2−4 80 2 72 180

5−6 80 1 80 180

7−12 80 1 80 180

13−34 120 1 120 60

≥35 160 1 160 60

100 240 1 240 60−20a

On day 1, 3 test doses were administered separated at 30-min intervals. From days 2 to 4, 1 test dose was given, 

again followed by a 30-min interval. aDecreasing in time of infusion.

MoCD type Type A Type B Type C 

MOSC-1 MOSC-2 Gephyrin 

GTP 

MOSC-3 

cPMP MoCo MPT 
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Metabolic investigations

Within 2 days after birth, sulfite dipstick test results became negative and remained so. Within 
days 2 to 9, hypoxanthine and xanthine levels dropped from 325 and 824 µmol/mmol to normal 
levels of 11 and 33 µmol/mmol, respectively. Within days 2 to 16, SSC dropped from 77.7 µmol/
mol creatinine to normal levels of 10.3 µmol/mol creatinine. Except for 3 central line infections, 
no serious drug-related adverse effects were seen.

Figure 2. 

A, EEG (third row) and aEEG patterns registered with the cfM olympic 6000 (Natus Medical Incorporated, San 

Carlos, CA) revealing 2 single seizures at 21 hours after birth. The scale on the y axis is semilogarithmical, ie, 

linear from 0 to 10 µV, and logarithmical from 10 to 100 µV. The x axis represents time, a 10-minute period on 

the aEEG and a 1-second period on the EEG indicated by the horizontal arrows. B, aEEG pattern revealing a 

continuous normal voltage pattern with sleep-wake cycling without any seizures at 14 hours after birth. The 

scale on the y axis is semilogarithmical, ie, linear from 0 to 10 µV, and logarithmical from 10 to 100 µV. The x axis 

represents time, a 10-minute period indicated by the horizontal arrows. 

1s 

10 min 

2A 

10 min 

2B 
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amplitude-integrated eeG

Within the first hour after birth, the infant showed myoclonic spasms accompanied by high-
pitched crying, interpreted as clinical seizures lasting several minutes whereupon phenobarbital 
(20 mg/kg) treatment was given once. At 4 hours after birth, amplitude-integrated EEG (aEEG) 
demonstrated a burst suppression pattern without electrographic signs of epileptic activity. 
Experimental cPMP infusion was initiated simultaneously. After that, no clinical seizures were 
observed anymore. At 5.5 hours after birth, the aEEG background pattern changed to a continuous 
normal voltage pattern. Subclinically, at 6.5 and 21 hours, aEEG revealed 2 single seizures (Figure 
2A). This was consistent with standard EEG that displayed multiform epileptiform discharges on 
day 1. Sleep-wake cycling was present from 14 hours after birth onwards (Figure 2B).

assessment of GMs from birth until 18 weeks after term

Video recordings were made daily on days 1 to 8, days 10, 16, 23, and 28 (term age), and at days 
118 (12 weeks postterm) and 153. The infant was recorded for 30 to 60 minutes. The recordings 
at days 118 and 153 were made during an outpatient visit and lasted 10 minutes, sufficiently 
long for reliable assessment of FMs. All recordings were assessed independently off-line by Ms 
Hitzert and Dr Bos by using Prechtl’s method.6 From birth until term age, GM quality was labeled 
normal, abnormal (poor repertoire, cramped-synchronized or chaotic), or hypokinetic (no GMs 
observed or brief GMs <3 seconds).9,10 We labeled the quality of FMs recorded at days 118 and 153 
normal, abnormal (exaggerated speed, amplitude, and jerkiness), or absent (no FMs observed). 
Additionally, we determined a motor optimality score (MOS) by using the GM Optimality List for 
Preterm GMs and Writhing Movements.11 Until term age, the MOS is composed of GM quality 
(4 points if normal; 2 points if poor repertoire; and 1 point if cramped synchronized, chaotic, 
or hypokinetic) plus 7 other items including speed and presence of tremulous movements (2 
points if normal; 1 point if abnormal). The MOS may range from 8 (low optimality) to 18 (high 
optimality). Approximately 3 months postterm age, the MOS is composed of FM quality (12 
points if normal; 4 points if abnormal; and 1 point if absent) plus 4 other items including age-
adequacy and quality of the concurrent motor repertoire (4 points if normal; 2 points if reduced; 
and 1 point if abnormal). The MOS at this age may range from 5 (low optimality) to 28 (high 
optimality).12  

 Figure 3 depicts the results on the quality of GMs. Two recordings were discarded due to 
crying (days 10 and 28). On the first day, just before cPMP infusion commenced, we observed 
cramped-synchronized GMs with an MOS of 8 points. Although GMs were still labeled abnormal 
(poor repertoire) on the second day, there was an improvement in MOS to 9 points after the 
fourth cPMP dose. The quality of GMs became normal after the 11th dose at day 6. At days 118 
and 153, we observed normal FMs with an MOS of 26 points (not shown).
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Figure 3. 

A, Uric acid blood levels and B, urinary S-Sulfocysteine levels (SSC) in relation to the change in quality of GMs 

and MOS at postnatal days 1 to 8 (measurements 1–8), 16 (measurement 9) and 23 (measurement 10). Stars 

represent cramped-synchronized GMs, triangles poor repertoire GMs, and round symbols normal GMs.

3A 

3B 
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neurodevelopmental course up to 21 months’ corrected age

Follow-up at 26 weeks revealed dystonia (variable hypo- and hypertonia) with a continuously 
present tremor, which both improved during the next 6 months. At 21 months’ corrected age, we 
performed the Bayley Scales of Infant and Toddler Development, third edition.13 Data are shown 
in Table 2. At this age, no tremors were observed anymore. Behavioral outcome, evaluated by 
the Child Behavior Checklist 1.5 to 5 years,14 revealed no behavioral problems.

Table 2. Cognitive, fine, and gross motor outcome at 21 months’ corrected age measured with

the Bayley Scales of Infant and Toddler Development, third edition.

Scaled Score Composite Score Classification

Cognitive 6 80 mildly delayed

Fine motor 8 90 normal

Gross motor 8 90 normal

Total motor 16 88 normal

Scaled scores for cognitive, gross, and fine motor outcome, as well as the cognitive and total motor composite 

scores were calculated corrected for preterm birth. Based on the scaled scores and the composite scores (mean: 

10 [SD:3] and 100 [SD:15], respectively), the infant was classified as normal (<1 SD below the mean), mildly delayed 

(1–2 SD below the mean), or abnormal (>2 SD below the mean).

Discussion
This case report demonstrates favorable outcome, based on aEEG and GMs, in MoCD type A, in 
response to experimental cPMP treatment administered daily from the first day after birth. 
 Given the lack of drug-related adverse events at high cPMP doses (both in our and the 
previous case), the mild respiratory problems and hypotensive episodes during the first hours 
after birth might be related to transitional problems (due to elective late preterm birth) rather 
than to cPMP infusions.15 
 Neurologic features of surviving MoCD type A children generally resemble those of ischemic 
brain injury and involve epilepsy, abnormal muscle tone, microcephaly, and lens dislocation.1 
Accordingly, our patient presented with a brief period of clinical seizures before cPMP initiation. 
After commencing cPMP treatment, however, the aEEG background pattern normalized and 
clinical seizures dissolved. Sleep-wake cycling emerged as early as 14 hours after birth. In term 
asphyxiated infants, both improvement of aEEG patterns within 24 hours after birth and the 
onset of sleep-wake cycling within 36 hours are recognized as good prognostic indicators of 
normal outcome.16,17 
 In accordance with previous preterm studies,11,18 we observed slight fluctuations in GM 
quality and MOS during the first week. The quality of GMs was already normal by the end of the 
first week, which indicates normal outcome.18 This expectation is substantiated by the normal 
FMs shown at ~3 months after term,8 replicating previous observations in infants with inborn 
errors of metabolism.19  
 MoCD may reveal phenotypic variability involving features of neonatal encephalopathy 
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(diffuse brain swelling and diffuse cytotoxic edema) and late developmental delay.1 In our case, 
we observed both abnormal aEEG and abnormal motor repertoire immediately after birth. 
Neurologic improvement coincided with prompt neonatal treatment, in favorable contrast to 
her 2 older sisters. We hypothesize, therefore, that the advantageous clinical course is to be 
attributed to prompt initiation of treatment. 
 We demonstrated that experimental cPMP treatment markedly improved GM quality within 
the first week after birth in an infant with MoCD type A and that neurodevelopmental outcome at 
21 months’ corrected age was normal with only a mild delay in cognitive skills function. Therefore, 
indirectly, cPMP may reduce the progression of neurodegenerative damage even when seizures 
and cramped-synchronized GMs are already present. Extended follow-up is urgently needed to 
reveal whether the beneficial effects of cPMP continue into childhood and beyond.

Conclusions
We strongly recommend starting cPMP treatment in infants withMoCDtype A as soon as possible 
after birth.
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CHAPTER  7

7
AssoCiATions bETwEEn dEvEloPmEnTAl 

TRAjECToRiEs of movEmEnT vARiETy 

And visuAl ATTEnTion in fullTERm And 

PRETERm infAnTs duRinG THE fiRsT six 

monTHs PosTTERm 



Abstract

Background
During early infancy major developmental changes, both in the variety of body movements and 
in visual attention, help the infant to explore its surroundings and depend on a gradual shift 
from subcortical to cortical functioning. 
Aims
First, to determine whether preterms reach mature levels of movement variety and visual 
attention earlier than fullterms. Second, to determine whether individual developmental 
trajectories of movement variety and visual attention were associated. Finally, we compared the 
associations of developmental trajectories between fullterm and preterm infants. 
Study design
In this longitudinal study, 20 fullterm and 9 low-risk preterm infants performed a visual 
disengagement task every four weeks until 6 months postterm. For each infant we drew up 
developmental trajectories for movement variety, and for frequencies and latencies of look. 
We analyzed the developmental trajectories by means of general linear model (GLM) repeated 
measures and Monte Carlo analyses. 
Results
In comparison to fullterms, preterm infants showed a similar increase in movement variety over 
time (F(4,108)=0.27; partial eta2=0.01; P=.90). Visual attention reached mature levels four weeks 
earlier than movement variety. This effect was stronger in fullterm infants. Neither in fullterm 
nor in preterm infants did we find an association between the developmental trajectories of 
movement variety and visual attention. P values ranged from .37 to .99. 
Conclusions
During the first 6 months postterm, movement variety and visual attention developed 
independently. Temporarily, preterm exposure to the extrauterine environment led to shorter 
latencies of looks but it did not affect developmental trajectories of frequencies of looks and 
movement variety. 



7

109

assocIatIons Between deVeloPMental traJectorIes of MoVeMent VarIety and VIsual attentIon In fullterM and 
PreterM Infants durInG the fIrst sIx Months PostterM 

Introduction
Infants learn about the world by exploring their surroundings. Exploration is facilitated by infants’ 
ability to move their eyes from one location to another and by developing motor behaviour 
such as adjusting their posture and manipulating objects. Both visual exploration and motor 
behaviour are subject to rapid changes during the first 6 months postterm. During the first 
weeks, infants have difficulties shifting their gaze away from an object they are attending to, 
a phenomenon called ‘sticky fixation’.1 At around 3 to 4 months, the frequency and speed of 
disengaging attention from a fixated stimulus and shifting gaze to a stimulus in the periphery 
increases substantially.2 At around 5 to 6 months adult levels are reached.3,4 By and large, 
motor behaviour during the first 8 to 10 weeks is a continuation of the prenatal repertoire.5 It is 
characterized by endogenously generated, complex, variable, and fluent movements, the so-
called general movements (GMs).6,7 At around 9 weeks, GMs gradually change to fidgety general 
movements (FMs). Normal FMs are circular movements of small amplitude, moderate speed, 
and variable acceleration of neck, trunk, and limbs in all directions.8 In addition to GMs and FMs, 
infants display various other spontaneous movements that increase in number and variety with 
age. The largest increase is around 3 months when infants’ muscle power increases and they can 
more readily overcome the force of gravity.5,9-11 From 3 months onwards, several spontaneous 
movements are gradually replaced by voluntary, goal-directed movements.5 Gaze shifting and 
motor behaviour thus seem to follow more of less equally protracted developmental trajectories, 
each with a transition occurring around the age of 3 months. It is thought that the developmental 
changes of these functional behaviours reflect the shift from subcortical to cortical processing, 
as will be described in more detail below.   
 Spontaneous movements are generated by central pattern generators (CPG) in the brain 
stem and spinal cord.12 At approximately 3 months of age, the properties of many motor and 
sensory systems change to make the infant more suited to the extrauterine environment.5,13 

These changes allow the infant to use environmental information to increase movement variation 
that is now more voluntary and goal-directed than before.5,11,14 The execution of voluntary 
movements involves subcortical-cortical circuits that connect regions of the frontal cortex 
(premotor areas and primary motor cortex) with the thalamus, basal ganglia, and cerebellum 
located subcortically.15  
 Improvements in the ability to disengage attention and to shift gaze away from a fixated 
stimulus is thought to be mediated by subcortical-cortical circuits connecting several cortical 
regions (occipital, temporal, parietal, and the frontal eye fields in the frontal cortex) with several 
subcortical structures including the thalamus (more specifically the lateral geniculate nucleus), 
superior colliculus, basal ganglia, and the eye movement centres in the brain stem.16,17 It 
thus seems that some overlap exists in the subcortical-cortical circuits subserving voluntary 
movements and disengagement abilities. These circuits are referred to as basal ganglia-thalamo-
cortical circuits since each circuit includes parts of the basal ganglia, thalamus, and frontal 
lobe and connecting links between these structures.15,18 Although these circuits appear to be 
organized in parallel, each circuit projects to a distinct area within the neurological structures 
comprising the circuit.18 Despite this anatomical segregation, it remains unclear whether these 
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subcortical-cortical circuits are related at a functional level. Based on the parallel nature of the 
basal ganglia-thalamo-cortical circuits and considering that synapses develop concurrently 
and at identical rates at corresponding levels of these anatomically segregated pathways,19 we 
hypothesized that maturational changes of these circuits occur at comparable stages during 
development. At a functional level this may imply that movement variety and disengagement 
abilities develop at similar rates. 
 Another intriguing question is whether additional sensory-motor experiences after preterm 
birth affects the development of these two functional behaviours. Very little is known about 
the differences in early motor behaviour between low-risk preterm and fullterm infants. The 
few available studies indicate that in low-risk preterm infants qualitative measures of motor 
development might be advanced as reflected in earlier onset of FMs20 and a temporary better 
quality of reaching performance at the age of 4 months.21 Quantitative measures such as the 
number of isolated movements per minute, however, were not different between low-risk 
preterm and fullterm infants until 18 weeks postterm.20 To date, it is unknown whether the 
additional extrauterine experiences of preterm infants affect developmental trajectories of 
movement variety. 
 Differences in developmental trajectories of disengagement between low-risk preterm and 
fullterm infants were described by Hunnius and colleagues. They found that temporarily low-risk 
preterm infants were faster in shifting their gaze away from a fixated stimulus.22 This led them 
to speculate that the maturation of cortical circuits involved in the preterm infants’ visual and 
attentional development was accelerated as a consequence of early visual experience. 
 The temporary accelerated development of reaching21 and disengagement22 might suggest 
that early extrauterine visual exposure led to a more generally accelerated development of 
cortical dependent processes because of additional exercise of both movements and visual 
exploration. In that case we would expect approximately the same accelerated development for 
movement variety and disengagement abilities in preterms in comparison to fullterm infants, 
resulting in roughly similar associations between developmental trajectories of movement 
variety and disengagement abilities for preterms and fullterms. By contrast, if the increase of 
the motor repertoire during the first 6 months postterm depended mainly on preprogrammed 
maturational processes, we would expect preterm infants to reach mature levels of movement 
variety at approximately the same postterm ages as fullterm infants. Then, the associations 
between development trajectories of movement variety and disengagement abilities might be 
different for the fullterm and preterm infants.  
 The first aim of this study was to determine whether preterm infants reach mature levels of 
movement variety earlier than fullterm infants. Second, we determined whether developmental 
trajectories of movement variety and disengagement abilities in the individual infant during 
the first 6 months postterm were associated. Finally, we compared the associations between 
developmental trajectories of fullterm and preterm infants. 
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Methods
Participants

Our study population consisted of infants who were enrolled in a longitudinal study on the 
development of visual attention.22 The original fullterm group consisted of 20 infants whose 
mothers were approached through childbirth education classes, midwives, or gym classes 
between 2000 and 2002. Exclusion criteria were a gestation period <37 or >42 weeks, a birth 
weight below 2800 g, and a history of prenatal and/or perinatal complications. The original 
preterm group consisted of 10 infants born below 32 weeks gestation who had been admitted 
to the University Medical Center Groningen between 2000 and 2002. Exclusion criteria were risk 
factors for abnormal neurological development, such as prolonged ventilation (>14 days), severe 
haemorrhagic and ischaemic brain lesions, and serious infections. Infants with retinopathy of 
prematurity (ROP) more severe than grade 1 were also excluded. 
 Clinical variables were collected from medical charts (preterms) or provided by the mother. 
Results of cranial ultrasound were graded using the system described by Papile et al.23 and de 
Vries et al.24 The perinatal characteristics of the preterm group are shown in Table 1. 

Table 1. Perinatal characteristics of the preterm group.

Characteristic Fullterms (N=20) Preterms (N=9)

Gender (boys/girls) 8/12 5/4

Gestational age (weeks) 40.5 (37.0−42.6) 28.7 (27.3−32.0)

Birth weight (g) 3363 (2880−4100) 1060 (640−2035)

IUGR (P<10) 0 (0%) 1  (11%)

Apgar score at 5 minutes 8 (1−9)

Late-onset sepsis (positive blood culture) 0 (0%)

Retinopathy of prematuritya 0 (0%)

BPD (O
2
 at 36 weeks PMA) 3 (33%)

Mechanical ventilation (days) 4 (1−13)

cerebral pathology

   None 3 (33%)

   PVE >7 days 3 (33%)

   Mildb 3 (33%)

   Severec 0 (0%)

Data are given as median (minimum−maximum) or numbers (percentage). IUGR, intra-uterine 

growth restriction; BPD, bronchopulmonary dysplasia; PMA, postmenstrual age; PVE, periventricular 

echodensities. Empty boxes indicate that data were not available (Apgar scores) or did not apply. 
aRetinopathy of prematurity stage II or worse. bMild cerebral pathology was defined as grades I and II 

germinal matrix-intraventricular hemorrhage (GMH-IVH). cSevere cerebral pathology was defined as grade 

III GMH-IVH, periventricular hemorrhagic infarction, posthemorrhagic ventricular dilatation (PHVD), and 

cystic periventricular leukomalacia. PHVD was defined as a lateral ventricle size of >0.33 according to 

Evans’ index.
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Video recording and assessment of movement variety

Video recordings of 10 minutes of the spontaneous body movements of the infant were made 
during lab visits. All recordings were made during a period of active wakefulness with the infants 
lying in supine position. One recording was discarded because the infant was crying (Session 
3). We assessed the second subcategory of the Motor Optimality List,11,12 age-adequacy of 
movement repertoire (i.e. movement variety), by counting the number of different movement 
patterns (maximum score of 32) observed. Previously, the interrater agreement for age-adequacy 
was moderate to high; the kappa statistics varying from 0.51 to 0.69.25 Recordings were assessed 
off-line by certified author MMH. In case of doubt regarding the presence of specific movement 
patterns, the recordings were re-evaluated together with AFB to decide on the definitive 
classification. A few infants showed repeated axial rolling, sat upright, or started crawling. 
Since the ability to roll, sit, or crawl involves cortical control, we considered these infants’ motor 
development as more mature than infants who had not yet reached these milestones. Therefore, 
we assigned these infants the maximum score observed in their group, plus one point extra. 

Measurement of visual attention in the first 6 months after birth 

Measurement sessions were conducted at 6, 10, 14, 18, 22, and 26 weeks postterm, calculated 
from the due date. Visual attention was tested in a disengagement task with 32 competition and 
8 non-competition trials. All trials started with the appearance of a stimulus in the centre of the 
monitor. After the infant had fixated the central stimulus for 1 to 2 seconds, a second stimulus 
appeared in the periphery. While in non-competition trials the central stimulus disappeared 
before the appearance of the peripheral target, in competition trials the central stimulus remained 
when the peripheral target appeared. Competition trials thus demanded disengagement of 
attention and gaze from the central stimulus before an eye movement to the peripheral target 
could be generated. Non-competition trials did not require disengagement for gaze to shift 
to the newly appeared stimulus in the periphery. In the present study, we only used data from 
the competition trials because the improved ability of infants to disengage their attention from 
a fixated stimulus represented the shift of subcortical to cortical control that interested us. A 
detailed description of the infant testing situation and the coding of eye movements as well as 
a description of the same data set is described in Hunnius et al.22

statistical analysis

Regarding the visual attention data, we calculated the relative frequency of looks (frequency of 
looks divided by the number of completed trials), and the median latencies between appearance 
of the peripheral stimulus and the onset of an eye movement to this target per infant and 
session. The frequency of looks represents the ability to shift gaze towards a peripheral stimulus. 
The latencies of gaze shifts represent the speed of disengaging and shifting gaze towards a 
peripheral stimulus. We excluded the first session at 6 weeks from the analyses as there were 
only few data available (n=8 missing). Moreover, based on the Motor Optimality List, a reliable 
measure of movement variety can only be obtained from 8 weeks onwards. 
 Thus, for each infant we drew up three developmental trajectories: one for movement variety, 
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one for the frequency of looks, and one for the latency of looks. To relate the developmental 
trajectories within individual infants we standardized the scores using the formula: Y

norm
 = (Y

obs
 

– min) / (max
 
– min) with Y

norm
 being the standardized score, Y

obs
 being the observed score, and 

min and max being the minimal or maximal score of the 5 sessions of the individual infant. 
For latencies, min was the highest latency and max the lowest latency. By doing so, scores 
were rescaled on a one unit interval based on individual data with the value 1 representing 
most mature levels. Missing data on Sessions 2 or 6 would lead to inadequate standardization. 
Therefore, we replaced the missing data by the mean score per group on Sessions 2 and 6 before 
standardization. After the standardization procedure was completed, the standardized values of 
missing data were deleted because they only served the purpose of standardization. There were 
no missing data for frequency of looks on Sessions 2 or 6. Latencies were missing on Session 
2 in two fullterm infants and in two preterm infants. Numbers of movements were missing in 
one preterm infant on Session 2, in another preterm on Sessions 2 and 6, and in one fullterm on 
Session 6.
 Our first research question was whether preterm infants reach mature levels of movement 
variety and visual attention earlier than fullterm infants. The differences in the developmental 
trajectories of visual attention in this dataset of fullterm and preterm infants had previously been 
described by Hunnius and colleagues22 and are repeated here for the sake of completeness. The 
difference between the developmental trajectories of movement variety of fullterm and preterm 
infants was tested using GLM repeated measures with the number of observed movement 
patterns as within-subject variables and group as between subject factor. We replaced the 
missing data (Session 2 n=2 preterms; Session 4 n=1 fullterm; Session 5 n=4 fullterms; Session 
6 n=1 fullterm and n=2 preterms) by the mean scores of movement variety on the particular 
sessions, separately for the fullterm and preterm group. 
 Our second research question was whether the individual developmental trajectories of 
movement variety and visual attention were associated. To take into account differences in 
developmental timing of movement variety and visual attention, we first examined whether 
developmental trajectories of movement variety or visual attention (looks and latencies) had 
a faster development towards mature levels using averaged curves and calculating averaged 
distance scores between the trajectories. For a detailed description of calculating averaged 
developmental trajectories of disengagement and movements see Supplement 1, Note 1. 
Subsequently, we examined coupling between developmental trajectories both before and after 
correcting for developmental timing. Coupling was defined as the difference between change 
scores (the difference between a score and the preceding score) of looks and movements. 
Coupling means that when the capacity to disengage changes to a certain extent, this is 
paralleled by a similar change in spontaneous movements. To prevent data loss, we used linear 
interpolation methods if data for Sessions 3, 4, or 5 were missing. The absolute value of the 
difference between change scores within an individual (i.e. similarity) was used as an indicator 
expressing how strongly the change in disengagement and movements were associated (the 
smaller the difference, the stronger they are associated). The similarity of the two trajectories 
in the same infant (within-subject similarity) was compared to the similarity of one of these 
trajectories with that of another infant (between-subject similarity) using Monte Carlo methods 
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(see Supplement 1, Note 2). To maintain the longitudinal aspect of the data, the order of sessions 
was fixed when randomly reordering the data between infants. 
 For corrections in developmental timing, we used the following approach. For example, 
if the averaged curves revealed that movement variety reached mature levels earlier than 
disengagement, this would imply that the individual curves of movement variety and 
disengagement were not associated but that the within-subject similarity with lag 1 could 
eventually be greater than the similarity based on simultaneous observations (i.e. looks 
at time t + 1 would be more similar to movements at time t than to movements at time t 

+ 1). In Supplement 1, Note 3 we provide an example of the random permutation method 
for developmental trajectories of movement variety and looks with lag 1 for the looks (thus 
correcting for developmental timing). We performed these analyses for the fullterms and 
preterms separately so as to be able to describe differences between the two groups.
 Throughout the analyses P<.05 was considered statistically significant. We used SPSS 20.0 
software (SPSS Inc, Chicago, IL) for the analyses. Excel version 2007 was used for performing the 
Monte Carlo analyses. 

Figure 1. Development of mean number of movement 

patterns (A), mean frequencies of looks (B) and mean 

latencies of looks (C) in fullterms and preterms. 
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Results
Movement variety and disengagement abilities during the first 6 months postterm 

For the total group of infants, the median postterm ages in weeks (minimum−maximum) at the 
consecutive measurement sessions were: 10.4 (8.4−13.1), 14.7 (14−16.1), 18.6 (18.0−20.6), 22.6 
(22.0−23.9), and 27.1 (26.0−28.1). In Figure 1, we provide the developmental trajectories of mean 
number of different movements and mean frequencies and latencies of looks. Our analyses 
revealed that movement variety, expressed as the number of different movement patterns, 
increased significantly over the consecutive sessions (F(4,108)=29.69; partial eta2=0.52; P<.001), 
but that this increase was not significantly different between the fullterm and preterm infants 
(F(4,108)=0.27; partial eta2=0.01; P=.90). Multivariate tests confirm that movement variety did 
not differ significantly between the fullterm and preterm infants over the consecutive sessions 
(V=0.05; F(4,24)=0.32; partial eta2=0.05; P=.86). Regarding the visual attention data, preterm 
infants were faster in looking at the peripheral stimulus until between 14 and 18 weeks postterm, 
as reported in the original study by Hunnius et al.22 Please note that we had one preterm infant 
less in the present study. 

developmental timing of movement variety and disengagement 

In Figures 2 and 3, we present the standardized scores of mean number of different movements 
and mean frequencies and latencies of looks. Frequencies and latencies of looks seemed to 
develop faster towards mature levels than movement variety. In the fullterms, these observations 
were confirmed by the random permutation method based on 10,000 permutations (Table 2) for 
the looks (mean distance 0.137, 95% CI, 0.016−0.258, P<.001) and the latencies (mean distance 
0.177; 95% CI, 0.071−0.282, P<.001). In the preterms, both frequencies of looks and latencies 
of looks had an almost equal development towards mature levels as movements had (mean 
distance 0.080, 95% CI, 0.032−0.127, P=.07 and mean distance 0.086, 95% CI, −0.071 to 0.242, 
P=.10). Looking in more detail at the trajectories, it seems that looks stabilized around Session 
5 (22 weeks) while movements did not stabilize before Session 6 was reached (26 weeks). Post 
hoc, we compared change scores over Sessions 5 and 6 using the t test. In fullterm infants, 
looks stabilized before movements did (mean change score for looks and movements 0.003 and 
0.305, respectively, P=.002) and latencies stabilized before movements (mean change score for 
latencies and movements 0.016 and 0.305, respectively, P=.005). In preterm infants, looks did not 
stabilize earlier than movements (mean change score for looks and movements 0.165 and 0.352, 
P=.19), while latencies did (mean change score for latencies and movements −0.079 and 0.352, 
respectively, P=.023). 
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Table 2. Mean distance scores of averaged developmental curves of movement variety and disengagement 

(looks and latencies) before and after random permutation in fullterm and preterm infants. 

Mean distance  

score (95% CI)

Mean distance score after  

random permutation (95% CI)

P value

fullterms

   looks minus movement variety 0.137 (0.016 to 0.258) 0.000 (−0.062 to 0.062) <.001

   latency minus movement variety 0.177 (0.071 to 0.282) 0.000 (−0.067 to 0.066) <.001

preterms

   looks minus movement variety 0.080 (0.032 to 0.127) 0.000 (−0.088 to 0.088) .07

   latency minus movement variety 0.086 (−0.071 to 0.242) 0.000 (−0.109 to 0.111) .10

Distance scores are calculated as standardized scores of looks minus standardized scores of movement variety. 

Figure 2. Development of mean number of movementsin relation to mean number of frequencies (A) and mean 

latencies of looks (B), expressed in standardized scores in fullterm infants.

Figure 3. Development of mean number of movements in relation to mean frequencies of looks (A) and mean 

latencies of looks, expressed in standardized scores in preterm infants.
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associations between individual developmental trajectories 

In Supplement 2, we provide the individual developmental trajectories of the standardized 
scores of spontaneous movements, frequencies of looks, and latencies of looks. Inspection of 
the individual curves revealed that in some infants all indexes first underwent a period of rapid 
change before stabilizing (see for example, fullterm infant 11 and preterm infant 5 in Supplement 
2). In several other infants the indexes fluctuated considerably between the minimum and 
maximum values. 
 Our second research question was whether individual developmental trajectories of 
movement variety and disengagement (looks and latencies) were associated. In the fullterm 
infants (Table 3A), we did not find significant associations between developmental trajectories 
of movements and looks (mean change score 0.428, 95% CI, 0.375−0.499, P=.51) nor between 
movements and latencies (mean change score 0.473, 95% CI, 0.395−0.552, P=.76). Based on the 
averaged developmental curves, we concluded that disengagement reached mature levels 
earlier than movement variety. Therefore, we repeated our analyses for the individual infants 
with lag 1 for the looks (i.e. looks at time t − 1 compared to movement variety at time t; Table 3A). 
Developmental trajectories of movement variety were again not associated with development 
trajectories of either looks (mean change score 0.435, 95% CI, 0.339−0.530; P=.37) or latencies 
(mean change score 0.488, 95% CI, 0.398−0.579; P=.58). 
 In the preterm infants (Table 3B), there were no significant associations between individual 
developmental trajectories of movement variety and either looks (mean change score 0.392, 
95% CI, 0.290−0.495, P=.48) or latencies (mean change score 0.497, 95% CI, 0.397−0.616, P=.41). 
P values of the averaged developmental curves (P=.07 and P=.010) showed a marginally 
faster development of disengagement. Therefore we repeated our analyses for the individual 
infants with lag 1 for looks (Table 3B). Again, no significant associations were found between 
developmental trajectories of movement variety and looks (mean change score 0.553, 95% CI, 
0.450−0.655, P=.99) or between movement variety and latencies (mean change score 0.502, 
95% CI, 0.361−0.644; P=.53). 
 To summarize, only in the fullterms did the frequency of looks reach mature levels around 
four weeks earlier than movement variety measures. Latencies of looks stabilized approximately 
four weeks earlier than movements in both fullterms and preterms. Individual trajectories of 
movement variety and disengagement were not associated in fullterms nor in preterms, neither 
before nor after correcting for developmental timing. 
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Table 3. Mean change scores of developmental curves of disengagement (looks and latencies) and movement 

variety before and after random permutation in fullterm (A) and preterm (B) infants.

A.

Fullterms (n=20) Mean change score  

(95%-CI)

Mean change score after  

random permutation (95%-CI)

P value

movement variety−looks 

   no shift 0.428 (0.357 to 0.499) 0.427 (0.375 to 0.475) .51

   looks −4 weeks 0.435 (0.339 to 0.530) 0.445 (0.375 to 0.509) .37

movement variety−latency

   no shift 0.473 (0.395 to 0.552) 0.450 (0.382 to 0.509) .76

   latency −4 weeks 0.488 (0.398 to 0.579) 0.478 (0.390 to 0.554) .58

B.

Preterms (n=9) Mean change score 

(95%-CI)

Mean change score after random 

permutation (95%-CI)

P value

movement variety−looks 

   no shift 0.392 (0.290 to 0.495) 0.395 (0.307 to 0.481) .48

   looks −4 weeks 0.553 (0.450 to 0.655) 0.432 (0.322 to 0.524) .99

movement variety−latency

   no shift 0.497 (0.379 to 0.616) 0.503 (0.404 to 0.587) .41

   latency −4 weeks 0.502 (0.361 to 0.644) 0.492 (0.356 to 0.609) .53

Discussion
In this study we analyzed in detail the developmental trajectories of spontaneous movements, 
particularly movement variety, and visual attention during the first 6 months postterm in both 
fullterm and preterm infants. We demonstrated that movement variety increased at similar rates 
in preterm and fullterm infants. As was reported previously, preterms were temporarily faster 
in shifting their gaze away from a fixated stimulus to a peripheral stimulus.22 In fullterms and 
preterms the frequencies and latencies of looks away from a fixated stimulus to a peripheral 
stimulus reached mature levels earlier than movement variety, but it was strongest in the 
fullterms. Development of movement variety and disengagement (frequencies and latencies 
of looks) did not follow similar trajectories; they could not be shown to be more similar within 
the same infant than between different infants, not even after correcting for the differences 
in developmental timing. Taken together, these results suggest that movement variety and 
disengagement did not develop synchronously. Rather,  they developed independently of one 
another with disengagement abilities stabilizing before movement variety. 
 In our cohort of fullterm and preterm infants, the number of different movements increased 
gradually during the first 6 months postterm with the strongest increase between 10 and 14 
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weeks. This is in accord with a previous study on quantitative aspects of the motor repertoire in 
preterm infants,11 and may be a reflection of the major neural reorganization that normally occurs 
around 12 weeks postterm.5 This period is characterized by a change in many neural functions 
to a condition more suited to the extrauterine environment: the infant’s muscle power increases 
and a shift from body-oriented towards space-oriented behaviour takes place. This coincides 
with an expanding motor repertoire including more voluntary and goal-directed movements.5 
 For the ability to disengage, the steepest curves were seen between 10 and 14 weeks 
and between 18 and 22 weeks postterm, after which they levelled off. And again, the increase 
between 10 and 14 weeks might be a reflection of neural reorganization.5 Neural reorganization 
not only includes changes in motor systems but in sensory systems as well, as it has been shown 
that during this period intentional control of visual attention and binocular vision emerges.16 
The increase between 18 and 22 weeks is in accord with previous studies demonstrating that 
disengagement abilities normally reach mature levels around 24 weeks,3,4 which suggests that 
by this time the cortical processes involved in disengagement are fully matured. 
 The question whether the additional extrauterine experience of preterm infants is beneficial 
or detrimental for neurodevelopment is still a matter of debate. Some researchers suggested 
that preterm birth may result in accelerated neural maturation26 whereas others demonstrated 
delayed maturation in terms of reduced cortical microstructural development.27,28 No differences 
in the maturation of cortical neurons between fullterm and preterm infants were also reported,29 
supporting a strong genetic control of maturation of cortical neurons. The differences reported 
might depend partly on associated complications of preterm birth, such as cerebral abnormalities, 
that prevent normal brain development. In the present study we only included low-risk preterm 
infants, i.e. infants without major perinatal complications, which enabled us to attribute our 
findings mainly to earlier extrauterine exposure. 
 To the best of our knowledge, no previous study investigated differences in movement 
variety between fullterm and preterm infants. We demonstrated quite similar trajectories of 
movement variety for fullterms and preterms. Apparently, postmenstrual age has a greater effect 
on the repertoire of various movements than postnatal age, supporting the view that movement 
variety is largely determined by preprogrammed maturational processes rather than by the 
degree of postnatal sensorimotor experiences. This finding underlines previous observations 
by Thelen and colleagues who found that particular motor stereotypies had characteristic ages 
of onset that were closely associated with neuromuscular maturation as measured with the 
motor component of the first edition of the Bayley Scales of Infant Development.30 In support of 
this finding, Prechtl and colleagues demonstrated that several movement patterns were similar 
in blind and sighted infants alike.31 Their findings, as do ours, suggest that the expression of 
various motor patterns depends largely on intrinsic processes, leaving  a minor role for postnatal 
experience. We have to keep in mind, however, that any beneficial effect of additional extrauterine 
experiences in preterm infants (increased freedom of movement and more opportunity to 
exercise) may be counteracted by a lack of adequate muscular control due to their immature 
state.  
 In comparison to fullterm infants, the shorter latencies of looks until 16 weeks postterm 
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in preterm infants is consistent with neuroimaging studies demonstrating accelerated cerebral 
grey and white matter development at term-equivalent age in preterm infants without brain 
lesions, especially in regions associated with visual processing.32,33 It seems that the additional 
sensorimotor experience of preterm infants particularly enhances maturation of those pathways 
that are subject to an abrupt increase in activity due to the transition from intrauterine to 
extrauterine life. Whether this accelerated development has implications for later functioning 
requires further study currently underway.  
 We found no indications for a relation between the developmental trajectories of movement 
variety and disengagement abilities between 10 weeks and 6 months, neither in fullterm 
nor in preterm infants. Even after correcting for the faster development of disengagement 
abilities towards mature levels, we were unable to demonstrate significant associations 
between developmental trajectories. This is in contrast to a previous study on simultaneous 
measurements of disengagement and quantity of movements. It demonstrated that in infants 
aged 1 or 3 months an increase in body movements preceded disengagement.34 The authors 
speculated that an increase in general motor activation might help to unlock and redirect 
gaze which aids visual exploration when the environment itself is unchanging. We offer several 
possible explanations for these contrasting findings. Firstly, in their study, the authors related the 
total quantity of body movements to disengagement abilities while we focused on the variety 
of different movement patterns. Secondly, we measured movements and disengagement 
successively to provide a measure of neurological maturation. This contrasted with the previous 
study. They measured movement-attention coupling simultaneously, to provide insight into 
direct functional coupling between movements and disengagement at 1 and 3 months. On 
the basis of our findings we propose that the neural substrates subserving movement variety 
and disengagement, which are considered to include the basal ganglia-thalamo-cortical 
circuits, developed at different rates between 10 weeks and 6 months postterm − in contrast 
to our hypothesis. Presumably, the anatomical segregation of the subcortical-cortical circuits 
mentioned is also reflected in different maturational changes of behavioural correlates despite 
the synchronous synaptogenesis at the corresponding levels of these anatomically segregated 
pathways. We must take into consideration, however, that from 3 months onwards other complex 
maturational processes take place, including the formation of neural networks between several 
cortical areas and selective pruning of neurons and synapses, that may have masked the parallel 
emergence of functional behaviours related to these subcortical-cortical circuits. 
 In conclusion, we were unable to demonstrate associations between developmental 
trajectories of movement variety and disengagement during the first 6 months. This suggests 
that maturational changes in underlying neural substrates (basal ganglia-thalamo-cortical 
circuits), developed independently. Additional exposure to the extrauterine environment after 
preterm birth led to faster, albeit temporary disengaging22 but it did not lead to beneficial, nor 
adverse, effects on the developmental trajectories of movement variety.  
 The strength of our study is that we provided new insights into the development of and the 
associations between two prominent early behaviours, spontaneous movements and looking, 
during the first 6 months postterm. In addition, ours was the first study of its kind to examine the 
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effect of additional extrauterine visual exposure on these combined developmental trajectories. 
A limitation of this study was the relatively small study group. As a consequence, the presence 
of associations between developmental trajectories of spontaneous movements, i.e. movement 
variety, and disengagement abilities cannot be ruled out definitely. 
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Supplementary material

Supplement 1. 
1. Averaged developmental trajectories of disengagement and movement 
variety:
In order to assess which of the two developmental trajectories reached mature levels ahead of 
the other, we determined the distances between the standardized scores of movement variety 
and disengagement (looks and latencies) for each measurement within the individual infants; 
standardized scores looks minus standardized scores movements (Table 1). We then calculated 
averaged distance scores for each infant (in our example 0.156). In the example the averaged 
distance score is positive, implying that looks developed ahead of movement variety. In order 
to test the probability that the positive score could be expected on the basis of chance alone, 
we randomly interchanged the standardized scores of movement variety and looks of the same 
infant while keeping the measurement moment fixed. Our example shows that after random 
reordering, the average distance score is negative (−0.182). In order to determine whether the 
more rapid development of looks reached statistically significant levels, we carried out the 
random permutation procedure for all subjects simultaneously. 
2. Similarities between developmental trajectories of disengagement and 
movement variety:
Our second research question was whether the developmental trajectories of disengagement 
(looks and latencies) and movement variety within the same infant were coupled.  We explain the 
procedure with the help of an example based on standardized scores of looks and movements 
(Table 2). 
 We obtained standardized scores for each variable as described in the section on statistical 
analyses. For each infant we calculated change scores, defined as the difference between a score 
and the preceding score. The difference between the change scores of looks and movement 
variety is an indicator of how strongly the developmental trajectories of looks and movement 
variety were coupled in an individual infant (the smaller the difference, the stronger the coupling). 
In our example, the averaged absolute difference of change scores (last column) is 0.369. In order 
to obtain an estimate of the strength of the coupling between the developmental trajectories, 
the standardized scores of looks were replaced randomly by the standardized scores of looks of 
another infant, while keeping the order of measurements fixed. Table 2 provides an example of 
such random reordering of scores and of the resulting averaged absolute difference of change 
score (0.521). In this particular infant, the averaged absolute difference of change scores is 
greater after randomly replacing the standardized scores of looks by the standardized scores of 
looks of another infant, meaning that the developmental curves of the same infant were more 
strongly associated than the developmental curves of movement variety of one infant and the 
developmental curve of looks of another infant. The probability that after replacement of the 
longitudinal data of looks of one infant with the same data of another infant the difference 
scores were equally small, or smaller, than the observed difference scores is calculated by carrying 
out the random permutation method a great number of times, e.g. 1000 times. By carrying 
out a large number of randomizations, an approximation of the exact chance distribution of 



7

125

assocIatIons Between deVeloPMental traJectorIes of MoVeMent VarIety and VIsual attentIon In fullterM and 
PreterM Infants durInG the fIrst sIx Months PostterM 

the test statistic used can be obtained without having to make assumptions about expected 
distributions across the “population” of observations. Another advantage of permutation and 
resampling methods is that they are particularly suited for small datasets with missing data. 
The probability is calculated by comparing the observed test statistic to the test statistic that is 
obtained when the data are randomly assembled.
3. Shifting developmental curves of disengagement and/or movement variety:
To determine whether developmental trajectories were associated we had to take into account 
that developmental curves of looks and latencies might have stabilized before developmental 
curves of movement variety, or vice versa. Based on the averaged developmental curves, we 
repeated our analyses with shifting curves either forward or backward. In our example, we 
shifted the curve of looks four weeks forward (or shifting curves of movement variety four 
weeks backward), i.e. we determined similarities between developmental curves of looks on 
measurement 2−5 and developmental curves of movement variety on measurements 3−6. See 
Table 3 for an example. In this particular infant, the averaged absolute difference of change 
scores is greater after randomly replacing the standardized scores of looks by standardized 
scores of looks of another infant (0.400 versus 0.264), meaning that the developmental curves 
of the same infant were more strongly associated than the developmental curves of movement 
variety of that infant and the developmental curve of looks of another infant. 
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Table 1A. Example of differences between averaged developmental trajectories (fullterm infant 3).

Data Movement variety Looks Distance (looks minus movement variety)

t2 0.000 0.000 0.000

t3 0.400 0.296 −0.104

t4 0.100 0.450 0.350

t5 0.400 1.000 0.600

t6 1.000 0.935 −0.065

0.156 (average)

Table 1B. Random permutations (looks standardized scores are randomly reordered with movement variety 

standardized scores of the same infant).

Data Movement variety Looks Distance (looks minus movement variety)

t2 0.000 0.000 0.000

t3 0.296 0.400 0.104

t4 0.450 0.100 −0.350

t5 1.000 0.400 −0.600

t6 1.000 0.935 −0.065

−0.182 (average)

Table 2A. Example of the similarity in change in looks and movement variety term (fullterm infant 3).

Data            Looks

Score             Change

  Movement variety

Score             Change

Absolute difference 

change scores

t2 0.000 0.000

t3 0.296 0.296 0.400 0.400 0.104

t4 0.450 0.155 0.100 −0.300 0.455

t5 1.000 0.550 0.400 0.300 0.250

t6 0.935 −0.065 1.000 0.600 0.665

0.369 (average)
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Table 2B. Random permutations (looks standardized scores are replaced by looks  

standardized scores of another fullterm infant).

Data            Looks

Score              Change

  Movement variety

Score             Change

Absolute difference 

change scores

t2 0.000 0.000

t3 0.134 0.134 0.400 0.400 0.266

t4 0.279 0.145 0.100 −0.300 0.445

t5 1.000 0.721 0.400 0.300 0.421

t6 0.649 −0.351 1.000 0.600 0.951

 0.521 (average)

Table 3A. Example of curves with lag 1 for looks (fullterm infant 3). Looks at time t −1 

was compared with movement variety at time t. 

Data               Looks

Score            Change

Data     Movement variety

Score              Change

Absolute difference 

change scores

t2 0.000 t3 0.400

t3 0.296 0.296 t4 0.100 −0.300 0.596

t4 0.450 0.155 t5 0.400 0.300 0.145

t5 1.000 0.550 t6 1.000 0.600 0.05

0.264 (average)

Table 3B. Random permutations with lag 1 for the looks. Looks at time t −1 was compared with movement  

variety at time t. Looks standardized scores are replaced by data of another fullterm infant.

Data             Looks

Score         Change

Data      Movement variety

Score                 Change

Absolute difference 

change scores

t2 0.000 t3 0.400

t3 0.404 0.404 t4 0.100 −0.300 0.704

t4 0.380 −0.025 t5 0.400 0.300 0.325

t5 0.809 0.429 t6 1.000 0.600 0.171

0.400 (average)
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Supplement 2. Individual trajectories of standardized scores of movement variety (number of movement 

patterns), frequency of looks and latencies.

Preterm infants: 
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Fullterm infants:
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Abstract

Aim
To determine whether motor development at 3 months of age is associated with cognitive, 
motor, and behavioural outcomes in healthy children at early school age.
Method
 In this cohort study, we included 74 term-born, healthy children (44 males, 30 females; median 
gestational age 40.1 wks, range 38.0–42.6 wks). From video recordings (median 12.9 wks, range 
9.3–18.6 wks), we assessed the quality of fidgety movements, and calculated a motor optimality 
score. At school age (median 5y 11mo, range 5y 8mo–7y 6mo), we performed detailed cognitive, 
motor, and behavioural assessments. We examined whether aspects of motor development 
were associated with functional outcomes.
Results
An age-adequate motor repertoire, in particular the presence of antigravity, midline leg, and 
manipulation movements, was related to poorer cognition, whereas variable finger postures was 
related to better cognition. Children with a monotonous concurrent motor repertoire had better 
ball skills but experienced more behavioural problems. The presence of antigravity movements 
tended to be associated with abnormal recognition (odds ratio [OR] 4.4, 95% confidence interval 
[CI], 0.9–21; R2=0.17; P=.070), where the absence of variable finger postures was associated with 
borderline and abnormal visual-spatial perception (OR 20, 95% CI, 1.7–238; R2=0.39; P=.018).
Interpretation
Detailed aspects of motor development at 3 months of age are associated with cognition and 
behaviour, but not with motor outcome, in healthy children at early school age. Our findings 
suggest that early motor development may be the basis for later cognitive and behavioural 
performance. Since the associations were only moderate, possible environmental influences 
should be acknowledged.
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Introduction
Ever since its introduction approximately three decades ago, appreciation of assessing the general 
movements of infants to predict their neurological outcome has increased steadily. The quality of 
fidgety general movements, present between 9 weeks and 20 weeks after term, is a particularly 
accurate marker of later neurological impairment.1 Normal fidgety movements are continuous 
movements of small amplitude, moderate speed, and variable acceleration of neck, trunk, and 
limbs in all directions. The absence of fidgety movements is closely associated with cerebral 
palsy (CP). Conversely, the presence of normal fidgety movements indicates a good neurological 
prognosis. Fidgety movements have also been found to be markers of milder abnormalities, 
including minor neurological dysfunction,2 Attention-Deficit–Hyperactivity-Disorder, and 
aggressive behaviour at school age.3 Recently, attention has shifted from the quality of fidgety 
movements to the possible predictive value of other movements and postural patterns that 
are present at around 3 months of age. In preterm infants, several quantitative aspects of the 
motor repertoire are predictive of motor outcome at school age.4,5 A few examples of detailed 
aspects that differentiate infants who developed normally from infants with minor neurological 
dysfunction and CP include: a reduced number of normal movement or postural patterns; the 
absence of antigravity movements (any movements of legs and/or arms above the level of the 
trunk); a predominantly flat posture (infant lying supine with all four limbs mainly lying on the 
surface, antigravity movements and flexion in hips and knees are rare, and arms and legs hardly 
come above the level of the trunk); an obligatory asymmetric tonic neck posture (spontaneous 
asymmetric tonic neck posture cannot be overcome by flexion of the extended arm); absence of 
leg movements towards midline; absence of fiddling movements; and an abnormal concurrent 
motor repertoire (monotonous, jerky, and/or stiff ).4,5

 A few studies have investigated the predictive value of motor development at 3 months 
on cognition and behaviour at school age.6,7 In preterm infants, a higher number of normal 
postural patterns around 3 months of age was found to be associated with higher IQ scores at 7 
to 11 years, while a poorer movement character overall tended to be associated with attention 
problems.7 
 Although the list of cited studies could be expanded considerably, our current knowledge 
about early motor development as a predictor of later functioning stems mainly from studies of 
preterm infant populations or high-risk term populations8 (i.e. populations susceptible to brain 
damage and subsequent impaired neurodevelopment). This leads to the question of whether 
detailed movement and postural patterns could also serve as predictors of later functioning 
in healthy, term-born children. The possible relation could shed light on the development of 
neuronal networks early in life that may play a role in other aspects of functional outcomes 
later in life. The aim of this exploratory study was, therefore, to determine whether detailed 
assessment of motor development at 3 months of age is associated with cognitive, motor, and 
behavioural outcomes in healthy, Dutch, term-born children at early school age.
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Method
Participants

We derived our study population from a previous cohort of term-born children who were part 
of the Groningen infant Comparison of Exposure-Effect Pathways to Improve the Assessment 
of Human Health Risks of Complex Environmental Mixtures of Organohalogens (COMPARE) 
study.9 The Groningen infant COMPARE study consisted of 90 healthy, singleton, term infants 
of Caucasian mothers, who lived in the northern provinces of the Netherlands. All females had 
registered with midwives between October 2001 and November 2002.10,11 In the original cohort, 
infants of mothers with a complicated pregnancy and/or delivery were excluded, as were infants 
with a complicated neonatal period. Of the 90 infants included in the cohort, 16 recordings were 
missing because of logistic and/or patient-related problems. The final study group comprised 
74 participants (44 males, 30 females; median gestational age 40.1 wks, range 38.0–42.6 wks). To 
account for differences in socio-economic status, we asked the mothers for their highest level 
of education. Low, average, and high educational levels were defined as up to 11 years, 12 to 13 
years, or 14 or more years of education respectively. Of the mothers, 6 (8%) had a low, 31 (43%) 
an average, and 36 (49%) a high educational level. No data on educational level was available of 
one mother.

Video recording and analysis of the early motor repertoire

Ten-minute video recordings were made at around 3 months after term (median 12.9 wks, range 
9.3–18.6 wks) during periods of active wakefulness with the infants lying in supine position. 
Arms and legs were bare and interferences were avoided. We discarded recordings of infants 
that were fussing, crying, and/or sucking on a dummy as it is impossible to judge the quality of 
general movements properly under these circumstances. 
 Certified authors MMH and AFB analysed the recordings off-line according to Prechtl’s 
method,4,12 and were blinded to the outcome. First, the quality of fidgety movements was 
labelled as normal, abnormal (exaggerated speed, amplitude, and jerkiness), or absent (no 
fidgety movements observed). Second, a more detailed analysis was performed based on the 
motor optimality score (MOS) by using the Motor Optimality List (MOL)13 and details compiled by 
Bruggink et al.4 The MOS distinguishes four aspects of motor development: fidgety movement 
quality, movement patterns, postural patterns, and movement character. The MOL comprises 
five subcategories covering these four aspects: (1) fidgety movements; (2) age-adequacy of 
movement repertoire (number of other movements) including manipulation, antigravity, midline 

arm, and midline leg movements; (3) normality of individual movement patterns (ratio between 
normal and abnormal movements); (4) normality of individual postural patterns (ratio between 
normal and abnormal postures) including asymmetric tonic neck, flat posture, and variable finger 

postures; and (5) the quality of the concurrent motor repertoire including jerky, monotonous, stiff, 

and/or cramped.
 Each subcategory, except fidgety movements, was assigned a score of either 4 (optimal), 
2 or 1 (non-optimal; see Table 2 for definitions). Fidgety movements were assigned a score of 
either 12 (normal), 4 (abnormal), or 1 (absent). The sum of scores represents the MOS. The MOS 
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may range from 5 to 28, with higher scores indicating higher motor optimality. Previously, the 
interrater agreement for the MOS was reported to be good; the kappa statistics vary from 0.75 to 
0.91.14 Our analyses included the MOS, detailed movement patterns (italicised in point 2 above), 
postural patterns (point 4), and qualitative aspects of the concurrent motor repertoire (point 
5). Manipulation movements included hand-hand manipulation, foot-foot manipulation, and 
fiddling at clothes or blanket. A predominantly flat posture was scored when the infant, lying 
supine, had all four limbs mainly lying on the surface, antigravity movements and flexion in 
hips and knees were rare, and arms and legs hardly came above the level of the trunk. If we 
disagreed on the presence of normal or abnormal fidgety movements, or on any other aspect of 
the early motor repertoire, we reassessed the video recording in question and discussed it until 
agreement was reached.

follow-up

Detailed cognitive, motor, and behavioural assessments were performed (Table 1). For 16 children, 
the results of the Child Behavior Checklist were lacking because it had not been returned or 
not been filled out completely. Test scores obtained when a child was uncooperative to such 
an extent that completion of the assessment failed, were excluded. Parents gave their written 
informed consent before participation in the follow-up programme. The study was approved by 
the University Medical Center Groningen medical ethics committee.

statistical analyses

We categorized the scores on the five subcategories of the MOL into normal (optimal) and 
abnormal (non-optimal and abnormal taken together). The test results at school age were 
converted to z scores on the basis of the norm scores and centiles in the manuals. Additionally, 
we classified IQs into ‘normal’ (IQ≥85), ‘borderline’ (IQ 70–85), and ‘abnormal’ (IQ<70). We used 
the percentiles on the standardization samples of the Movement Assessment Battery for 
Children and cognitive tests to classify raw scores into ‘normal’ (≥P15), ‘borderline’ (P5–P14), 
and ‘abnormal’ (<P5). For the Developmental Coordination Disorder Questionnaires, the Child 
Behavior Checklist, and Attention-Deficit–Hyperactivity-Disorder questionnaires, we used a 
similar classification following the criteria in the manuals. 
 First, for each outcome measure we performed linear regression analyses with the MOS 
as the predictor. Second, for each outcome measure, we performed linear regression analyses 
with each subcategory of the MOL as a separate predictor, only if this predictor was present 
in five or more children to limit multiple testing. Third, we performed linear regression for 
associations with a P value below 0.15 and replaced the subcategory of the MOL with the 
detailed patterns to explore which specific movement pattern, postural pattern, or qualitative 
aspect of the concurrent repertoire contributed most significantly to the association. We then 
performed linear regression analyses with the detailed patterns with a P value below .15. Finally, 
we performed logistic regression twice, once with borderline and abnormal scores clustered 
together and once with normal and borderline scores clustered together. We only performed 
logistic regression with predictors that were present in five or more children. In all the analyses, 
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we adjusted for age at recording and maternal education. Throughout the analyses P<.05 was 
considered statistically significant. For all the analyses we used SPSS 20.0 software (IBM SPSS 
Statistics, IBM Corp., NY, USA).

Table 1. Overview of tests and questionnaires, assigned domains, and measured functions.

Domain Test/scale name Function

Intelligence

WPPSI-R-NL total IQ Total intelligence

WPPSI-R-NL verbal IQ Verbal intelligence

WPPSI-R-NL performance IQ Performance intelligence

Attention TEA-Ch-NL Sky search

TEA-Ch-NL Score!

Selective visual attention

Sustained auditory attention

Verbal memory 

AVLT immediate recall

AVLT delayed recall

AVLT delayed recognition

Learning capacity

Verbal long-term memory

Recognition

Visual-spatial perception NEPSY-II geometric puzzles Visual-spatial information processing

Visual-motor integration NEPSY-II design copying Visual-motor integration

Motor skills

M-ABC total Motor proficiency of everyday 

motor skills

M-ABC manual dexterity Manual dexterity

M-ABC ball skills Object control

M-ABC static and dynamic balance Postural control

DCD-Q Motor problems in daily life

Behaviour CBCL total Behavioural and emotional 

competencies and problems

ADHD questionnaire Attentional functioning in daily life

WPPSI-R-NL, shortened form of the Wechsler Preschool and Primary Scale of Intelligence, revised (Dutch 

version);15 TEACh-NL, Test of Everyday Attention for Children;16 AVLT, Rey’s Auditory Verbal Learning Test;17 NEPSY-

II, Developmental Neuropsychological Assessment, second edition;18 M-ABC, Movement Assessment Battery 

for Children;19 DCD-Q, Developmental Coordination Disorder questionnaire;20 CBCL, Child Behavior Checklist;21 

ADHD, Attention-Deficit–Hyperactivity-Disorder.22

Results
assessment of the early motor repertoire

All but two infants had normal fidgety movements. The majority of infants scored normal on the 
movement repertoire (72%), movement (99%), and postural (96%) pattern subcategories. The 
quality of the concurrent motor repertoire was non-optimal in 58% of the infants. The median 
MOS was 26 (range 13–28). Table 2 shows the assessment results for early motor development.
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Table 3. Cognitive, motor, and behavioural outcomes.

Tests and questionnaires n Raw scores     z scores 

Categorical data

 Normal       Borderline    Abnormal

cognitive outcomes

    Total IQ 73 102 ( 9) 0.10 ± 0.60 70 (96) 3 (4) 0 (0)

    Verbal IQ 73 100 (10) 0.03 ± 0.66 70 (96) 3 (4) 0 (0)

    Performance IQ 73 102 (13) 0.15 ± 0.83 67 (92) 6 (8) 0 (0)

    Selective visual attention 74 8.7 (5.9−10.3) 0.0 ± 1.0 66 (89) 4 (5) 4 (5)

    Sustained auditory attention 72 5 (1−10) −0.25 ± 1.05 59 (82) 9 (13) 4 (6)

    Learning capacity 73 3 (8) −0.48 ± 1.04 59 (81) 9 (12) 5 (7)

    Verbal long-term memory 73 6 (2) −0.70 ± 1.05 40 (55) 22 (30) 11 (15)

    Recognition 73 28 (15−30) 56 (77) 5 (7) 12 (16)

    Visual-spatial perception 73 19 (14−24) −0.38 ± 0.49 65 (89) 8 (11) 0 (0)

    Visual-motor integration 74 8 (5−15) −0.35 ± 0.50 68 (92) 6 (8) 0 (0)

Motor outcomes

    M-ABC total 74 3.0 (0.0−20.5) 0.35 ± 1.06 65 (88) 5 (7) 4 (5)

    M-ABC manual dexterity 74 1.0 (0.0−10.5) 0.00 ± 0.88 69 (93) 1 (1) 4 (5)

    M-ABC ball skills 74 1.0 (0.0−7.0) −0.05 ± 1.08 56 (76) 10 (14) 8 (11)

    M-ABC static and 

    dynamic balance

74 0.0 (0.0−8.5) 0.26 ± 0.80 71 (96) 0 (0) 3 (4)

    DCD-Q 74 65 (39-75) −0.02 ± 0.78 71 (96) − 3 (4)

Behaviour

    CBCL – total problemsa 58 44 (10) 0.57 ± 0.97 54 (93) 3 (5) 1 (2)

    ADHD – total 74 8 (0−62) 0.18 ± 1.09 67 (91) 3 (4) 4 (5)

Data are given in mean (SD) or median (25–75th centile). Categorical data are given in numbers (percentage). 

An empty box indicates that no z scores could be calculated. Cognitive and motor outcomes were classified 

as normal (P≥15), borderline (P5–P14), and abnormal (P<5). For the questionnaires (DCD-Q, CBCL, and ADHD), 

we used the criteria in the manuals for the classification in normal, borderline and abnormal. ADHD, Attention-

Deficit–Hyperactivity-Disorder; CBCL, Child Behavior Checklist; DCD-Q, Developmental Coordination Disorder 

questionnaire; M-ABC, Movement Assessment Battery for Children. aT-scores.

functional outcome

Median age at follow-up was 5 years 11 months (range 5y 8mo–7y 6mo). Three children were 
too uncooperative to complete the assessment. Test scores on sustained auditory attention and 
verbal memory (all three subtests) were missing in one child, test scores on sustained auditory 
attention were missing in another child, and test scores on visual-spatial perception were missing 
in a third child. The median MOS of these children was lower (median 24, range 23–24) than the 
MOS of children who completed all tests (median 26, range 13–28; P=.032). All three infants 
scored normal on the movement and postural patterns subcategories, but non-optimal on age-
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adequacy of movement repertoire and quality of the concurrent motor repertoire subcategories. 
The majority of children performed within the normal range (mean z scores ≥−1; Table 3). The 
domains most affected were verbal long-term memory, recognition, and ball skills with 11 (15%), 
12 (16%), and 8 (11%) children respectively, performing within the clinical range.

associations between early motor development and functional outcome

Of the two infants with abnormal fidgety movements, one scored normal on all tests at school 
age, while the other infant scored borderline for the sustained auditory attention and ball skills 
domains and abnormal for the manual dexterity domain. Because only two infants had abnormal 
fidgety movements and only one infant had abnormal movement patterns, we excluded these 
two subcategories from the regression analysis. A higher MOS tended to be associated with poorer 
selective attention (B=−0.09; P=.063). Several detailed patterns were associated with functional 
outcomes (Table 4). Children with antigravity movements around 3 months of age had a lower 
total IQ at early school age (B=−0.50; P=.018) than children without antigravity movements, 
in particular a lower Verbal IQ (B=−0.68; P=.003). Children with midline leg movements had 
lower Performance IQ (B=−0.55; P=.040). The unstandardized coefficients (B) signify the change 
in z scores when the particular pattern is present. Thus on average, children with antigravity 
movements had eight total IQ points less than children without antigravity movements. The 
presence of manipulation movements was associated with poorer sustained attention (B=−0.65; 
P=.046) and poorer visual-motor integration (B=−0.31; P=.035), whereas the presence of variable 
finger postures was associated with better visual-spatial perception (B=0.33; P=.008). Children 
with a monotonous concurrent motor repertoire had better ball skills (B=0.31; P=.021), but 
experienced more behavioural problems (Child Behavior Checklist total) than children with a 
smooth and fluent repertoire (B=−0.31; P=.020). After excluding the two children with abnormal 
fidgety movements, the presence of midline leg movements was no longer associated with 
Performance IQ (B=−0.56; P=.054) and the presence of manipulation movements was no longer 
associated with visual-motor integration (B=−0.23; P=.136). After performing logistic regression 
with functional outcome categorized as normal versus borderline and abnormal, the absence of 
variable finger postures was associated with abnormal visual-spatial perception (odds ratio [OR] 
20, 95% confidence interval [CI], 1.7–238; R2=0.39; P=.018). After performing logistic regression 
with functional outcome categorized as normal and borderline versus abnormal, only the 
absence of antigravity movements tended to be associated with better recognition (OR 4.4, 95% 
CI, 0.9–21; R2=0.17; P=.070).
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Discussion
This exploratory study indicated that motor development at 3 months of age in healthy, 
term-born Dutch children was associated with cognitive and behavioural outcomes but not 
with motor outcomes at early school age. The presence of an age-adequate motor repertoire 
including antigravity movements, midline leg movements, and manipulation movements, was 
associated with lower scores on intelligence, attention, and visual-motor integration between 5 
years and 7 years. Children with a flat posture and variable finger postures had better scores on 
attention and visual-spatial perception than children without these postural patterns. Children 
with a monotonous concurrent motor repertoire experienced more behavioural problems than 
children with a normal, smooth, and fluent concurrent motor repertoire. 
 The majority of children performed within the normal range, suggesting that our group of 
healthy term-born children was typical. 
 We were surprised to find that an age-adequate movement repertoire was associated with 
poorer cognitive scores at early school age, as this is in contrast to previous studies suggesting a 
positive correlation between early motor development and later cognitive abilities.23,24 Because 
of a lack of evidence on the role of age-adequacy of the movement repertoire in healthy 
term infants around 3 months of age for later functioning, we could only speculate about the 
underlying mechanisms. It is hypothesized that the cortical subplate plays a pivotal role in the 
major neurodevelopmental transformation around the age of 3 months.25 Subplate axons are 
suggested to act as early pioneers of the corticothalamic pathway, they may play a role in the 
subsequent waiting period and in-growth of thalamocortical axons into the cortical plate, and 
may be important for the fine tuning of cortical connectivity.26 The appearance of voluntary 
and goal-directed movements parallels the gradual disappearance of the cortical subplate 
between 36 weeks post menstrual age (PMA) and 3 to 6 months after term.25,27 According to the 
neuronal selection group theory, the onset of goal-directed movements is considered to be the 
beginning of the selection phase in which a child selects the most efficient movement patterns, 
characterized by a transient reduction in the variation of motor behaviour. 28 It is possible that 
infants with fewer different movement patterns reach this transition phase earlier (i.e. infants 
with fewer movement patterns may have started selection earlier because of further maturation 
of their central nervous system). However, we should take into account that the two infants of 
whom test scores on sustained auditory attention were missing both had a non-optimal age-
adequate motor repertoire. Assuming that their uncooperativeness might have been due to 
inattentiveness rather than tiredness, it might well be that they would have scored abnormal on 
this particular test. Excluding those infants, therefore, may have confounded our findings, at least 
for attention at school age. When looking in more detail, we found that children who displayed 
antigravity movements (i.e. children with a nonflat posture) had a lower Verbal IQ than infants 
who did not. In term infants admitted to a neonatal intensive care as neonates, active head 
lifting with simultaneous lifting of the lower extremities at the age of 7 months was associated 
with poorer cognitive outcomes at 19 or 24 months.29 The authors argued that the presence of 
this particular pattern might be linked to reduced cerebellar connectivity due to overt or diffuse 
brain injury. At present, we do not have aclear explanation for this finding in healthy term-born 
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infants. 
 Children with variable finger postures at 3 months performed better on a visual-spatial 
perception task at early school age. The association persisted even after categorizing outcomes, 
although we must stress that as the confidence intervals were quite large, the reported OR 
should be interpreted with caution. This finding fits in with the idea that through exploration of 
the surroundings, which is enhanced by variable finger postures, a child learns about an object’s 
properties and characteristics. The perception of object properties, in turn, plays an important 
role in early conceptual and cognitive development.30 Our findings suggest a similar underlying 
neural pathway or strong coupling between neural systems involved in early manual abilities 
and later visual-spatial perceptual functioning. Unexpectedly, children with manipulation 
movements performed poorer, instead of better, on sustained attention and visual-motor 
integration. It seemed, however, that this inverse association was partly mediated by the quality of 
fidgety movements, because after excluding the children with abnormal fidgety movements the 
association between manipulation movements and visual-motor integration disappeared. In the 
two infants with abnormal fidgety movements, we observed no manipulation movements and 
they scored better on visual-motor integration than infants with normal fidgety movements. 
 Children with a monotonous concurrent motor repertoire experienced more behavioural 
problems at early school age. We found one other study that associated motor development 
around 3 months of age with behavioural problems at later age in a group consisting exclusively 
of term infants. They reported that the quality of the motor repertoire was not predictive of 
behavioural problems as reported by the Child Behavior Checklist or Attention-Deficit–
Hyperactivity-Disorder questionnaires.31 It appeared, however, that one of the criteria was a 
hospital stay of 3 days or longer, so their conclusions were based on an at-risk term group rather 
than a healthy term group. Our findings could be interpreted in two ways. The first is that a 
monotonous motor repertoire may reflect delayed or abnormal development of areas of the 
brain involved in regulating behaviour in later childhood. Cortical areas increase their level of 
activity markedly during the second and third months after term, as do the cerebellar cortex and 
the basal ganglia, areas involved in networks with important motor, cognitive, and behavioural 
functions.32 A second interpretation is that monotonous motor behaviour may reflect the limited 
availability of motor strategies to interact socially. This emphasizes the importance of early motor 
behaviour for the development of behavioural skills at early school age. It is a particular sensitive 
period during which the child has to shift between the home situation and school, a change 
that requires adjustment of behavioural patterns. 
 In our study group, detailed aspects of early motor development were not associated with 
motor outcome at early school age, except that infants with a monotonous concurrent motor 
repertoire had better ball skills. However, this finding has little implication since the proportion 
of explained variance is relatively low and associations disappeared after using clinical cut-off 
values. This agrees with other research groups who were unable to demonstrate associations 
between motor development in early infancy as reported by parental questionnaires and motor 
performance at school age in a healthy population.24 On the contrary, infants who reached certain 
milestones earlier, such as the age of being able to walk with support and stand unaided, had 
higher grades on school physical education at 14 years.33 A possible explanation for the absence 
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of such an association in our study group is that in contrast to the latter study, we focused on a 
single measurement of very detailed movement patterns instead of a developmental course of 
gross motor skills. 
 The strength of our study lies in the detail with which we examined the association between 
several aspects of early motor development and functional outcomes, based on standardized, 
skill-based measures, at early school age in healthy, term-born children. There are, however, 
some limitations. First, our study group was relatively small. Second, by performing multiple 
testing the risk of a type 1 error should be considered. We did, however, not adjust our threshold 
of significance (P<.05) for multiple comparisons since we believe that this was justified in the 
context of our exploratory approach. We tried to limit the number of chance findings by only 
analysing those detailed patterns that occurred in more than five infants and are known to be 
associated with an increased risk of abnormal outcome in preterm and high-risk populations as 
stated in the introduction.4,5 Third, the power of our study was weakened by the lack of variability 
in some of the predictive variables. We attempted to limit this issue by only performing analysis 
with predictors that were present in five or more children. Fourth, most mothers were in 
education for 12 or more years, thus our sample was biased to children whose mothers had 
a relatively high level of education. A final consideration is that for each child only one video 
recording was available, so we were unable to associate trajectories of early motor development 
with functional outcomes. 
 We believe that future studies should be performed in larger cohorts of healthy, term-born 
children, and should focus on longitudinal trajectories of early motor development in relation to 
long-term follow-up in order to clearly define the predictive value of early motor development 
for later functioning in a healthy population. Our results can be used to select which aspects of 
motor development should be focused on. 
 In conclusion, we demonstrated that in a cohort of healthy, term-born children, detailed 
aspects of motor development at 3 months are associated with cognitive and behavioural 
outcomes, but not with motor outcomes, at early school age. Associations existed across the 
normal range of functional outcomes, suggesting that early motor development may be the 
basis for later cognitive and behavioural performance. Since the associations were only moderate, 
possible environmental influences should be acknowledged.
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CHAPTER  9

9EARly visuAl ATTEnTion in PRETERm 

And fullTERm infAnTs in RElATion 

To CoGniTivE And moToR ouTComEs AT 

sCHool AGE: An ExPloRAToRy sTudy



Abstract
Objective
Preterm infants are exposed to the visual environment earlier than fullterm infants, but whether 
early exposure affects later development is unclear. Our aim was to investigate whether the 
development of visual disengagement capacity during the first six months postterm was 
associated with cognitive and motor outcomes at school age, and whether associations differed 
between fullterms and low-risk preterms.
Method
Seventeen fullterms and ten low-risk preterms were tested in a gaze shifting task every 4 weeks 
until 6 months postterm. The longitudinal data were converted into single continuous variables 
by fitting the data with an S-shaped curve (frequencies of looks) or an inverse model (latencies 
of looks). Neuropsychological test results at school age were converted into composite z scores.
We then performed linear regression analyses for each functional domain at school age with 
the variables measuring infant visual attention as separate predictors and adjusting for maternal 
level of education and group (fullterms versus preterms). We included an interaction term, visual 
attention*group, to determine whether predictive relations differed between fullterms and 
preterms.
Results
A slower development of disengagement predicted poorer performance on attention, motor 
skills, and handwriting, irrespective of fullterm or preterm birth. Predictive relationships differed 
marginally between fullterms and preterms for inhibitory attentional control (P=.054) and 
comprehensive reading (P=.064).
Conclusions
This exploratory study yielded no indications of a clear advantage or disadvantage of the 
extra visual exposure in healthy preterm infants.We tentatively conclude that additional visual 
exposure does not interfere with the ongoing development of neuronal networks during this 
vulnerable period of brain development.
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Introduction
During the first half year of life, looking is one of the most important behavior young infants 
have to explore their surroundings.1 Sensory-motor processes involved in detecting and shifting 
gaze to visual targets are already functional as early as 40 weeks of gestation.2 Between the ages 
of approximately 1 and 3 months, however, infants experience difficulties particularly in shifting 
gaze from a persistent stimulus in the center of their visual field to a stimulus in the periphery, 
thus under competitive conditions requiring disengagement of attention.3,4 The frequency and 
speed of shifting gaze under competitive conditions increase substantially around 3 to 4 months 
of age,2,4 but it is not before 5 to 6 months that this ability reaches adult levels.5,6 Evidence is 
accumulating that the increased ability of infants to shift gaze from one location to another 
not only enhances the visual exploration of the environment but also forms the basis for social 
interaction and self-regulation, skills which are fundamental to cognitive development. For 
instance, in a cohort of fullterm-born infants, recognition memory measured with novelty scores 
from a paired-comparison task at 7 months predicted intelligence and academic achievement at 
the age of 21 years.7 In preterms, longer gaze fixations at term age are related to poorer focused 
attention and lower intelligence at 12 years of age.8 For an overview see Hunnius et al.9

 The past decades have shown growing interest in the development of visual attention 
and the associated development of the brain.10-14 Visual attention can be studied in infants by 
observing gaze shifts under different circumstances. According to Atkinson et al.,15 disengaging 
attention and switching gaze during the first 6 months of life is subserved by two attention 
networks in the brain: (1) subcortical systems involving the superior colliculus underlie the ability 
to shift fixation from a central target to a salient peripheral target, provided both targets are not 
visible together and without other visual or auditory “distracters” in the rest of the visual field, 
and (2) cortical systems underlie disengaging attention and gaze from an object or stimulus that 
is currently fixated. Both systems are closely interconnected with the extended occipital and 
posterior parietal or dorsal visual stream of visual-spatial processing.16-18 Disengaging attention 
and gaze from current focus is thought to be mediated by the posterior parietal cortex (including 
the intraparietal sulcus) and frontal cortex (including frontal eye fields). The superior colliculus is 
thought to be involved in shifting the gaze to a new location and inhibiting a location already 
attended to. Reengaging attention at the new location is thought to be mediated by the 
thalamus. For a review, see Petersen and Posner.14

 Various studies reported that the developmental trajectory of visual attention of preterm 
and fullterm-born infants differs during the first 6 months of life. High-risk preterms have longer 
look durations, slower disengagement, and attention shifts, and they shift less between stimuli 
than their fullterm-born peers.19-21 In low-risk preterms, however, the rates of gaze shifts are 
temporarily faster than those of fullterms.22-25 Hunnius and colleagues attributed this finding to the 
fact that the additional visual exposure experienced by preterms in comparison to their fullterm 
peers may have accelerated the maturation of cortical processes involved in disengaging.25 An 
explanation for the differences observed between high-risk and low-risk preterms might be that 
the findings in the former stem mainly from perinatal complications and brain damage rather 
than reflecting the supposed effect of additional visual experience on the development of early 
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visual attention. This is in line with the poor performance on gaze shifting tasks as an indicator of 
the location or extent of cerebral injury.26-30 We found three longitudinal studies that examined 
whether the association between early visual attention measures and later IQ differed between 
fullterms and preterms.31-35 One study revealed that better performance on visual habituation 
and visual recognition memory tasks was more strongly associated with higher IQ at the age 
of 2 to 5 years in preterm-born children than in fullterm-born children.35 Rose and colleagues, 
however, were unable to demonstrate a difference in the predictive value of visual attention 
measures for IQ up to 11 years of age, neither between high-risk preterms and fullterms,32 nor 
between low-risk preterms and fullterms.34

 It is striking that most studies focused on later intelligence, attention skills, or academic 
achievement. Considering the strong link between attention networks and the dorsal visual 
stream, early visual attention might also be related to other functions closely associated with the 
dorsal stream, such as visuomotor coordination, spatial cognition, and executive functioning.15,36-38  

Not only is early visual attention considered pivotal in the development of higher cognitive 
functions, it may also play a role in the development of motor skills since dorsal-stream 
information feeds into systems used during visual-spatial manipulation and visual control of 
action.39

 To date, the question whether gaze shifting, as a marker of early visual attention, is related to 
specific cognitive functions and complex motor skills at school age has not been investigated. 
Additionally, it remains unclear whether the observed differences in visual attention between 
low-risk preterms and fullterms are linked to specific deficits at school age. If the accelerated 
maturation of visual attention in low-risk preterms interferes with the ongoing development of 
related neuronal networks, this might eventually lead to poorer performance at school age. In 
the literature, we did find a report that visual attention markers, such as infant habituation and 
recognition memory, which serve as predictors of later IQ, are strongest in infant assessments 
made between approximately 10 and 18 weeks.40 Furthermore, changes in attentional functions 
measured longitudinally during periods of rapid development might be better indicators of 
early cognitive functioning than attentional function measurements limited to one age.3 To the 
best of our knowledge, no studies have examined the predictive value of gaze shifts under both 
competitive and non-competitive conditions for functioning at school age. 
 The aim of our study was, therefore, to investigate whether the development of gaze shifts 
toward a peripheral stimulus during the first 6 months was associated with specific cognitive 
functions and complex motor skills at school age, and to determine whether these associations 
differed between fullterms and preterms. We examined gaze shifts under competitive and non-
competitive conditions, since gaze shifts under these two conditions are thought to measure two 
distinct processes, i.e., visuomotor processes and additional attentional processes, respectively.
 Given the close connection between attention networks and the dorsal stream of cortical 
visual-spatial processing, we expected to find in both the competitive and non-competitive 
trials that a slower development of gaze shifts toward adult levels might be related to poorer 
cognitive functions and poorer motor skills. Most evidence for the relation between early visual 
attention and later cognitive performance was provided by studies on look durations (inability 
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to disengage) or visual recognition memory (looking away from a familiar stimulus to a novel 
stimulus). These studies suggested that differences in the development of early visual attention 
lie at the basis of differences in cognitive abilities later. We therefore expected to find the 
strongest associations for performance on competitive rather than non-competitive trials since 
the latter do not require disengagement. Moreover, since the competitive trials are supposedly 
more challenging, we expected performance on these trials to have a higher discriminatory 
potential for later development than performance on the non-competitive trials.
 For this study, we collected follow-up data on cognitive and motor functioning at school 
age for a group of fullterm and preterm children who as infants had been tested on a visual 
attention task.4,25

Materials and methods
Participants

Our study population consisted of fullterm and preterm infants who had formerly been included 
in a longitudinal study on the development of visual attention.25 The fullterm group consisted of 
20 infants whose mothers had been approached through childbirth education classes, midwives, 
or gym classes during 2000–2002. Exclusion criteria were <37 or >42 weeks’ gestation, a birth 
weight below 2800 g, and a history of prenatal and/or perinatal complications. The preterm 
group consisted of 10 infants born at <32 weeks’ gestation. These infants had been admitted to 
University Medical Center Groningen between 2000 and 2002. Exclusion criteria were risk factors 
for abnormal neurological development, including >14 days of ventilation, severe hemorrhagic 
and ischemic brain lesions, and serious infections. Infants with retinopathy of prematurity of 
>Stage I were also excluded. Two families declined the invitation to participate. One child in the 
fullterm group had moved abroad and could not be tested. All parents of the preterm group 
agreed to their children participating in the study. We present the perinatal demographics in 
Table 1. In Table 2, the characteristics at follow-up are presented.
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Table 1. Perinatal characteristics of the fullterm and preterm group.

Fullterms (n=17) Preterms (n=10)

Gender (boys/girls) 6/11 6/4

Gestational age (weeks) 40.3 (37.0−42.0) 29.2 (27.3−32.0)

Birth weight (g) 3550 (2880−4100) 1130 (640−2035)

IUGR (<10th percentile) 0 (0%) 1  (10%)

Apgar score at 5 minutes 8 (1−9)

Asphyxia 5 (50%)

Late-onset sepsis (positive blood culture) 1 (10%)

Retinopathy of prematuritya 0 (0%)

BPD (O
2
 at 36 weeks’ PMA) 4 (40%)

Mechanical ventilation (days) 4 (1−13)

cerebral pathology

   None 3 (30%)

   PVE > 7 days 3 (30%)

   Mildb 4 (40%)

   Severec 0 (0%)

Data are given as median (minimum−maximum) or numbers (percentage). IUGR, intra-uterine growth 

restriction; BPD, bronchopulmonary dysplasia; PMA, postmenstrual age; PVE, periventricular echodensities. 

Cranial ultrasound results were graded according to Papile et al.41 and de Vries et al.42 Empty boxes indicate 

that data were not available or did not apply. aRetinopathy of prematurity stage II or worse. bMild cerebral 

pathology was defined as grades I and II germinal matrix-intraventricular hemorrhage (GMH-IVH). cSevere 

cerebral pathology was defined as grade III GMH-IVH, periventricular hemorrhagic infarction, posthemorrhagic 

ventricular dilatation (PHVD), and cystic periventricular leukomalacia. PHVD was defined as a lateral ventricle 

size of >0.33 according to Evans’ index.

Table 2. Characteristics of the fullterm and preterm group at follow-up.

Fullterms (n=17) Preterms (n=10)

Age at follow-up (years, months) 11.0 (9.9−11.8) 10.5 (9.8−11.4)

Special education 0 (0%) 2 (20%)

Glasses 4 (24%) 2 (20%)

Maternal level of education

   ≤11 years 1 (6%) 1 (10%)

   12−13 years 2 (12%) 6 (60%)

   ≥14 years 14 (82%) 3 (30%)

Data are given as median (minimum−maximum) or numbers (percentage). 
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Measurement of visual attention during the first 6 months

Measurement sessions were conducted at 6, 10, 14, 18, 22, and 26 weeks, calculated from the 
due date. Infants were tested in a gaze shifting task consisting of competitive trials (n=32) and 
non-competitive trials (n=8). All trials started with the appearance of a stimulus in the center 
of the computer screen. After the infant had fixated the central stimulus for 1 to 2 seconds, a 
second stimulus was displayed in the periphery. While during non-competitive trials the central 
stimulus disappeared followed by a peripheral target, during competitive trials the central 
stimulus remained visible after the peripheral target had appeared. Frequencies and latencies of 
gaze shifts towards the peripheral stimulus under non-competitive conditions provide an index 
of the efficiency of visuomotor processing involved in detecting the new target, and of preparing 
and executing an eye movement towards the peripheral target. Competitive trials require 
disengagement from the attended stimulus before an eye movement is made to the peripheral 
target. Frequencies and latencies of gaze shifts under competitive conditions thus provide an 
index of attentional processes in addition to visuomotor processes. A detailed description of the 
testing situation and the coding of eye movements is provided by Hunnius et al.25

follow-up

When participants were 9 to 11 years old, we assessed cognitive, motor, and visual functions in 
detail. See Table 3 for a description of the tests and questionnaires. Parents gave their written 
informed consent prior to their infants’ participation in the follow-up program. The study was 
approved by the Medical Ethics Committee of University Medical Center Groningen. 
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Table 3. Measurements, related motor and cognitive functions, referring names in the text, and assigned domains.

Domain Test/Scale Function Referring Name

Intelligence

WISC-III Total IQ Total intelligence TIQ

WISC-III Verbal IQ Verbal intelligence VIQ

WISC-III Performance IQ Performance intelligence PIQ

Attention TEA-Ch-NL Map mission Selective visual attention Selective attention

TEA-Ch-NL Opposite world Inhibition of automatic response Inhibition

Visuomotor NEPSY-II Design copying Visuomotor functioning Visuomotor

Visual-spatial 

perception

NEPSY-II Picture puzzles Visual discrimination and visual scanning Picture Puzzles

NEPSY-II Arrows Visual-spatial processing Arrows

NEPSY-II Route finding Visual-spatial relations, orientation and 

directionality 

Route finding

Visual object 

perception

TVPS-3 Form constancy Visual perception: Form constancy Form constancy

TVPS-3 Visual closure Visual perception: Visual closure Visual closure

TVPS-3 Form discrimination Visual perception: Form discrimination Form discrimination

Executive 

functioning

BRIEF Global Executive 

Composition

Well-organized, purposeful, goal-directed, 

and problem-solving behavior

GEC

Academic 

achievement

Cito mathematics Standardized Dutch scholastic 

achievement test – subscale mathematics

Mathematics

Cito spelling Standardized Dutch scholastic 

achievement test – subscale spelling

Spelling

Cito comprehensive 

reading

Standardized Dutch scholastic 

achievement test – subscale 

comprehensive reading 

Comprehensive 

reading 

Cito technical reading Standardized Dutch scholastic 

achievement test –  subscale technical 

reading

Technical reading

Motor skill

Movement-ABC Total Motor proficiency of everyday motor skills Motor skill

Fine motor Manual dexterity Manual dexterity

Ball skills Object control Object control

Balance Postural control Postural control

BHK Handwriting Handwriting

DCD-Q Motor problems in daily life Motor problems

WISC-III-NL, shortened form of the Wechsler Intelligence Scale for Children, third edition, Dutch version;43,44 

TEACh-NL, Test of Everyday Attention for Children;45 NEPSY-II, Neuropsychological assessment;46 TVPS-3, 

Test of Visual-Perceptual Skills, third edition;47 BRIEF, Behavior Rating Inventory of Executive Function;48 GEC, 

Global Executive Functioning; Cito, Centraal Instituut voor Toetsontwikkeling [a Dutch scholastic achievement 

test]; Movement-ABC, Movement Assessment Battery for Children;49 BHK, Beknopte beoordelingsmethode 

voor Handschriften van Kinderen [a concise Dutch method for assessing children’s handwriting];50 DCD-Q, 

Developmental Coordination Disorder Questionnaire.51
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Motor and cognitive outcomes

Motor outcome was assessed using the Movement Assessment Battery for Children (Movement-
ABC),49 a standardized test of motor skills for children 4 to 12 years of age. 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), object control (ball skills), and postural 
control (balance). Handwriting was tested with the Concise Assessment Scale for Children’s 
Handwriting (BHK).50 The handwriting test consists of copying a standard text for 5 min on an A4 
size, unlined sheet of paper. Quality was measured according to 13 features. We used the Dutch 
version of the Developmental Coordination Disorder Questionnaire (DCD-Q) to screen for motor 
problems in daily life.51 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.
 Total, verbal, and performance intelligence were assessed using a shortened form of the 
Wechsler Intelligence Scale for Children, third edition, Dutch version (WISC-III).43,44 Examples on 
items of the WISC-III are vocabulary, analogies, organizing pictures, and reproduction of block 
designs. 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).45 Selective attention 
refers to the ability to select target information froman array of distractors. For example, the 
child was asked to select target symbols from an array of distractor symbols. In the attentional 
control task, the child is asked to name a set of numbers (i.e., alternating numbers 1 and 2). In 
the second task, the child is asked to name the opposite of what is shown (i.e., 1 instead of 2 and 
vice versa). We assessed visuomotor integration with the Design copying subtest of the NEPSY-II 
(Neuropsychological Assessment, second edition).46 In this subtest, the child is asked to reproduce 
geometric forms of increasing complexity. Visuomotor integration involves the integration of 
visual information with finger-hand movements. Visual-spatial perception was assessed by three 
subtests of the NEPSY-II. In the subtest Picture puzzles, the child is presented a large picture 
divided by a grid and four smaller pictures taken from sections of the larger picture. The child has 
to identify the location on the grid of the larger picture from which each of the smaller pictures 
was taken. In the subtest Arrows, the child looks at an array of arrows arranged around a target 
and indicates the arrow(s) that points to the center of the target. In the subtest Route finding, 
the child is shown a schematic map with a target house and asked to find that house in a larger 
map with other houses and streets. Visual object perception was measured with three subtests 
of the Test of Visual-Perceptual Skills, third edition (TVPS-3).47 In the Form constancy task, the 
child is asked to find one design among others on the page; the design can be larger, smaller, 
or rotated. In the Visual closure task, the child is shown a completed design on the page and is 
asked to match it to one of the incomplete patterns shown on the page. In the last subtest, Form 
discrimination, the child is shown a design and is asked to point to the matching design among 
the choices shown on the page. We obtained information on children’s executive functioning 
involved in well-organized, purposeful, goal-directed, and problem-solving behavior by using 
the Behavior Rating Inventory of Executive Function (BRIEF) questionnaire,48 which was filled 



9

160

early VIsual attentIon In PreterM and fullterM Infants In relatIon to coGnItIVe and Motor outcoMes at school 
aGe: an exPloratory study

out by the parents. The BRIEF contains 75 items in 8 non-overlapping clinical scales that form 
two broader indexes: behavioral regulation (inhibit, shift, and emotional control subscales) and 
metacognition (initiate, working memory, plan/organize, organization, and monitor subscales). 
Together these scales form the Global Executive Composite (GEC) score, which represents the 
child’s overall executive functioning. 
 The total duration of the follow-up was approximately 3h including breaks. Test scores 
obtained when a child was too tired, as assessed by the trained experimenter, were excluded. 
 We sought permission from the parents to contact their children’s schools for their most 
recent results on the so-called Cito test for mathematics, spelling, comprehensive reading, 
and technical reading skills. Cito, which stands for Central Institute for Test Development, is a 
standardized Dutch scholastic achievement test conducted twice annually at primary schools 
– in the middle and at the end of the school year (for interpretation guidelines of the standard 
Cito scores of see: http://www.cito.nl; retrieved on December 17th, 2013). The Cito scores are 
expressed in levels of performance: Level I represents the 20% of children with the highest 
scores and Level V represents the 20% of children with the lowest scores.

Vision

Vision was defined according to the tenth revision of the International Statistical Classification 
of Diseases (ICD-10): mild or no visual impairment if visual acuity was ≥0.3; moderate visual 
impairment if visual acuity was between 0.1 and 0.3; severe visual impairment if visual acuity was 
between 0.05 and 0.1; blindness if visual acuity was <0.05 or if there was no light perception.52 
Visual acuity was tested with the Landolt C chart (correction with prescription glasses allowed) 
and visual field with Donders’ method.

statistical analysis 

For the infancy data, we calculated the relative frequency of looks (frequency of looks divided by 
the number of trials), and the median latencies between appearance of the peripheral stimulus 
and the onset of an eye movement towards the target. The frequency of looks represents the 
ability to shift the gaze towards a peripheral stimulus. The latencies of gaze shifts represent the 
speed of disengaging and shifting the gaze towards a peripheral stimulus. For the analyses of 
gaze shifting latencies, the first measurement at six weeks was excluded because shifts of gaze 
were very infrequent, and therefore only few data points were available.
 To relate the longitudinal data of the disengagement tasks with cognitive and motor 
outcomes at school age, we converted the longitudinal data of the disengagement tasks into 
single continuous variables, for the competitive and non-competitive conditions separately. 
1) For the frequency of looks, we determined the age at which the infant reached a relative 
frequency of looks of 50% by least square fitting the data with an S-shaped curve for the interval 
0 to 1 with t being the age in weeks, l

end
 being the maximum relative frequency of looks (i.e. 1.0), 
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l
begin

 being the minimum of relative frequency of looks (set to .01), and c being a constant that 
determined the growth rate or steepness of the S-curve. For each individual set of longitudinal 
data, c was varied by iteration to reach an optimal least squares fit. Throughout this article this 
variable is referred to as 50%-looks. 
2) For the latencies of looks (reaction time; RT), we used the inverse model y(t) = b

0
 + b

1
 / t to fit the 

data. Variable b
0
 represents the final level of RT reached due to development (i.e. adult level); b

1
 

represents the rate of change towards that level. A higher b
1
 value reflects a slower development 

towards the adult level of RT (b
0
). We set b

0
 at 200 ms, based on the assumption that the adult 

value of RT (b
0
) approaches 200 ms.53 In the analyses we used the variable b

1
. Throughout this 

article this variable is referred to as b1-RT. The variable b1-RT was calculated separately for 
competitive and non-competitive trials. Altogether we derived four infancy measures of visual 
attention: 50%-looks competitive, 50%-looks non-competitive, b1-RT competitive, and b1-RT 
non-competitive. 
 The neuropsychological test results at school age were converted to z scores based on the 
norm scores and percentiles given in the test manuals. The composite scores on each domain 
were calculated by averaging the z scores of the subtests as indicated in Table 3. The composite 
scores on motor skills were calculated by averaging the z scores for Movement-ABC Total and 
the z scores for DCD-Q. The z scores on the Cito and handwriting test, BHK, (Table 3) could 
not be calculated due to the lack of standardized scores. For BHK we classified raw scores into 
non-dysgraphia, borderline, or dysgraphia in accordance with the criteria in the manual. The 
BRIEF and DCD-Q questionnaires of one preterm child had not been submitted. We replaced the 
missing composite scores on the executive functioning and motor skills domains by the mean 
composite score of the preterm group on these domains. We did not correct for age at follow-up 
in the further analyses since the scores were derived from age-adjusted norms.   
 First we analyzed whether our independent variables (visual attention markers) and 
dependent variables (composite outcome scores) differed between fullterms and preterms. For 
continuous data we used the independent-samples Student t test in case of normality and the 
Mann-Whitney u test in case of non-normality. For categorical data we used Fisher’s exact test. 
We controlled for mothers’ level of education when comparing cognitive and motor outcomes 
between fullterms and preterms, since SES may act as a confounding variable.54 
 The first question we addressed was whether the development of gaze shifts towards a 
peripheral stimulus during the first 6 months was associated with specific cognitive functions 
and complex motor skills at school age. We performed univariate linear regression analyses for 
each school age outcome composite score with the variables measuring infant visual attention 
as separate predictors. Next, we analyzed each of the subtests of the composite scores to 
determine which subtest contributed most to the predictive relation, but only if the P value 
of that composite score was below .15 to limit multiple testing. Thus, if none of the visual 
attention predictors were associated with the composite outcome score (P>.15) we did not 
repeat the analyses for the subtests comprising the composite score. We controlled for mothers’ 
education and group. The former was entered as a nominal predictor (low and average versus 
high educational level) since only one mother (of a fullterm child) had a low educational level. 
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Since we had no z scores on Cito and BHK, we performed logistic regression for these outcomes 
instead (Cito Levels IV or V considered abnormal; BHK borderline and dysgraphia considered 
abnormal). Additionally, we determined the predictive value of visual attention markers for 
overall functioning at school age (cognitive and motor outcomes combined). For this purpose, 
multivariate analyses would be the method of first choice. A priori, we performed a sample size 
calculation for multivariate regression with a power of 0.80, an alpha of 0.05, an anticipated 
effect size of 0.20 (f2), a number of groups of 2 (fullterms and preterms), a number of predictors of 
4 (visual attention measures), and a number of response variables of 9 (the 8 domains as given in 
Table 3 plus handwriting) which yielded a required sample size of 62 infants. Since we were only 
able to include 27 infants in our study sample, multivariate analyses might provide unreliable 
results. As an alternative, therefore, we repeated the univariate analyses for the mean composite 
scores on all cognitive and motor domains as dependent variable (Cito and BHK excluded due 
to the lack of z scores). 
 The second question we addressed was whether predictive relations of visual attention in 
infancy for outcomes at school age differed between fullterms and preterms. To answer this 
question we included an interaction term (visual attention marker*group) in all the regression 
analyses. 
 Throughout the analyses P<.05 was considered statistically significant. We used SPSS 20.0 
(SPSS Inc, Chicago, IL) for the analyses. Because 9 outcome measures were tested against 4 
hypothesized visual attention predictors, a Bonferroni-adjusted significance level of .0014 was 
calculated to account for the increased possibility of type-I error due to multiple testing. 

Results
Visual attention during the first 6 months postterm

We provide an overview of the markers of visual attention in Table 4. Of these only RT in the 
competitive trials differed between fullterms and preterms with the preterms having a faster 
development towards adult RT (P=.046).1 

Group differences at school age

Preterm children had poorer scores on the cognitive and motor tests compared to their fullterm 
peers (see Supplement). After calculating composite scores, the preterm group had significantly 
lower z scores after controlling for maternal education on the domains (see Figure 1): visuomotor 
(B=−0.534; 95% CI, −0.975 to −0.094; P=.019) and motor (B=−1.007; 95% CI, −1.95 to −0.060; 
P=.038). Preterms scored marginally lower on executive functioning (B=−0.744; 95% CI, −1.620 
to 0.133; P=.093). Scores on Cito and BHK did not differ between fullterms and preterms (see 
Table 5). 
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Table 4. Overview of visual attention markers over sessions 2−6, and P values of group differences.

Fullterms  (n=17) Preterms  (n=10) P value

competitive condition

Frequency of looks (weeks) 14.6 (9.5−19.0) 14.1 (9.9−23.0) .824

Reaction time (RT) 9.4 (4.4−16.9) 6.8 (3.5−15.6) .046*

non-competitive condition

Frequency of looks (weeks) 6.5 (4.3−10.4) 6.4 (2.6−21.2) .902

Reaction time (RT) 3.2 (2.2−5.3) 3.2 (2.3−9.8) .711

Values are given as median (minimum−maximum). P values were calculated using the Mann-Whitney u test. 

Frequency of looks was defined as the age at which the infant reached 50% of the maximum relative frequency 

of looks. Reaction time was defined as the speed at which the child grows towards a lower reaction time (b1). A 

higher b1 value represents a slower development towards a lower reaction time. *P<.05.

Figure 1. Composite scores on cognitive and motor outcomes, expressed as z scores, in fullterm-born (dotted) 

and preterm-born children (hatched). Data are presented as box and whisker plots. The boxes represent values 

between the 25th and 75th percentiles. The whiskers represent the range of the values, with the exception of 

outliers which are represented as circles. Statistical differences were calculated after controlling for maternal 

education. IQ, intelligence quotient; EF, executive functioning. **P<.05, *P<.10.
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Table 5. Scores on the Cito test and handwriting, and the statistical significance of group differences.

Subtest Fullterms Preterms OR (95% CI) P value

Normal Abnormal Normal Abnormal

Cito mathematics 15 2 6 4 1.61 (0.15 to 17.15) .69

Cito spelling 16 1 5 5 7.37 (0.56 to 96.97) .13

Cito comprehensive reading 14 3 6 4 0.53 (0.04 to 7.47) .64

Cito technical reading skills 12 4 6 3 0.30 (0.02 to 4.28) .38

Handwriting 15 2 5 5 4.0 (0.46 to 34.84) .21

relationship between visual attention during the first 6 months postterm and cognitive and motor  

outcomes at school age

In Table 6, we provide the univariate regression analyses, without interaction terms, predicting 
the different cognitive and motor domains after controlling for group and maternal education. 
 The maternal level of education was significantly associated with outcome on the domains: 
IQ (B=0.667; 95% CI, 0.125−1.208; R2=0.21; P=.018), attention (B=0.973; 95% CI, 0.247−1.698; 
R2=0.23; P=.011), visual-spatial (B=0.611; 95% CI, 0.127−1.096; R2=0.21; P=.015), visual perception 
(B=0.968; 95% CI, 0.214−1.722; R2=0.22; P=.014), and executive functioning (B=1.018; 95% CI, 
0.242−1.793; R2=0.23; P=.012). After applying Bonferroni corrections, none of the associations 
reached statistical significance. 
 For non-competitive conditions, a slower attainment of 50%-looks was marginally associated 
with poorer handwriting (OR=2.00; 95% CI, 0.926−4.330; R2=0.607; P=.077; not shown). Adding 
the interaction term 50%-looks non-competitive*group revealed that the predictive relation 
of 50%-looks for comprehensive reading at school age differed marginally between fullterms 
and preterms. A slower attainment of 50%-looks tended to be associated with better scores 
on comprehensive reading in the preterms but with poorer scores for the fullterms (looks non-
competitive B=0.932; 95% CI, 0.750−8.600; R2=0.47; P=.134 and looks non-competitive*group 
B=−1.959; 95% CI, 0.018−1.118; R2=0.47; P=.064; see Figure 2). Regarding the latencies of looks 
(b1-RT), we found no significant association with motor skills at school age (B=−0.193; 95% 
CI, −0.451 to 0.065; R2=0.27; P=.135). When looking at motor performance in detail, we found 
that a slower attainment of b1-RT was significantly associated with poorer performance on the 
Movement-ABC balance task (B=−0.420; 95% CI, −0.837 to −0.003; R2=0.220; P=.048; not shown). 
Adding the interaction term b1-RT non-competitive*group revealed no significant effects. 
 Under the competitive conditions, a slower attainment of 50%-looks was marginally 
associated with poorer handwriting skills at school age (OR=1.44; 95% CI, 0.950−2.168; R2=0.468; 
P=.086; not shown). Adding the interaction term 50%-looks competitive*group revealed no 
significant effects. Regarding the latencies of looks (b1-RT), we found no significant associations 
with IQ at school age (B=−0.056; 95% CI, −0.130 to 0.019; R2=0.28; P=.135). Replacing the 
composite IQ score by verbal IQ or performance IQ also revealed no significant associations 
(B=−0.051; 95% CI, −0.136 to 0.034; R2=0.34; P=.224 and B=−0.060; 95% CI, −0.153 to 0.033; 
R2=0.12; P=.197, respectively). We did find that a slower attainment of b1-RT was associated with 
poorer attention at school age (B=−0.102; 95% CI, −0.197 to −0.008; R2=0.37; P=.035). Of the two 
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attention tasks administered at school age, only the task measuring inhibition of an automatic 
response showed a significant association (B=−0.188; 95% CI, −0.323 to −0.053; R2=0.385; P=.008). 
Adding the interaction term b1-RT competitive*group revealed that there was a marginally 
significant stronger negative effect of slow attainment of b1-RT regarding performance on the 
inhibition task in preterms than in fullterms (RT competitive B=−0.095; 95% CI, −0.254 to 0.063; 
R2=0.48; P=.225 and RT competitive*group B=−0.290; 95% CI, −0.585 to 0.006; R2=0.48; P=.054; 
see Figure 3). After applying Bonferroni corrections, none of the predictive associations reached 
significance. 
 To summarize, a slower development towards adult latencies under non-competitive 
conditions predicted poorer performance on the Movement-ABC balance task. A slower 
development towards adult latencies under competitive conditions predicted poorer inhibitory 
attentional control at school age. This association was marginally stronger in preterm-born 
children than in fullterm-born children.  
 We repeated the analyses with averaged composite z scores at school age to investigate 
whether visual attention markers were predictive of overall functioning at school age. The mean 
overall composite z scores were 0.19 (SD 0.36) for fullterms and −0.58 (SD 0.52) for preterms 
(P<.001). Our analyses revealed no significant associations between visual attention markers 
during the first 6 months and overall functioning at school age, neither under non-competitive 
conditions (50%-looks B=−0.026; 95% CI, −0.076 to 0.024; R2=0.54; P=.294 and b1-RT B=−0.080; 
95% CI, −0.187 to 0.027; R2 =0.57; P=.134), nor under competitive conditions (50%-looks 
B=−0.024; 95% CI, −0.075 to 0.028; R2=0.54; P=.348 and b1-RT B=−0.036; 95% CI, −0.080 to 0.009; 
R2=0.57; P=.111). No significant interaction effects with group were found, neither under non-
competitive conditions (50%-looks B=0.068; 95% CI, −0.076 to 0.213; R2=0.56; P=.336 and b1-RT 
B=0.138; 95% CI, −0.096 to 0.372; R2=0.59 P=.235), nor under competitive conditions (50%-looks 
B=−0.032; 95% CI, −0.135 to 0.072; R2=0.55; P=.531 and b1-RT B=−0.024; 95% CI, −0.129 to 0.082; 
R2=0.58; P=.648).
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Figure 2. Age in weeks at which the infant reached a relative frequency of looks of 50% (50%-looks) under the 

non-competitive condition in fullterm-born (dotted) and preterm-born children (hatched) with normal (Levels I 

to III) and abnormal (Levels IV and V) scores on the Cito comprehensive reading test. The data in the graphs are 

presented as box and whisker plots. Boxes represent the individual values between the 25th and 75th centiles 

(interquartile range); whiskers represent the range of the values, with the exception of outliers. The outliers are 

represented by the circles and defined as values between 1.5 interquartile range and 3 interquartile ranges from 

the end of a box. 

Figure 3. The speed at which the infant grows towards a lower reaction time (b1) in relation to z scores on TEA-

Ch-NL Opposite world (inhibition).  A higher b1 value represents a slower development towards the adult level 

reaction time (200 ms).

CITO: reading comprehension 
IV−V I−III I−III IV−V 

50
%

-lo
ok

s 
no

n-
co

m
pe

tit
io

n 

22 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

0 

In
hi

bi
tio

n:
 z

-s
co

re
s 

Reaction time (b1) competition  

3 

2 

1 

0 

-3 

-2 

-1 

-4 

-5 
2 4 6 8 10 12 14 16 18 



9

168

early VIsual attentIon In PreterM and fullterM Infants In relatIon to coGnItIVe and Motor outcoMes at school 
aGe: an exPloratory study

Discussion
In this exploratory study we investigated whether the developmental course of gaze shifts and 
latencies towards a peripheral stimulus during the first 6 months postterm were associated with 
cognitive and motor outcomes at school age. Subsequently, we determined whether predictive 
associations differed between fullterms and preterms. Compared to fullterms, preterms 
developed adult gaze shift latencies under competitive conditions faster. At school age, overall 
performance of preterms, their visuomotor and motor skills in particular, were poorer than that 
of fullterms. The rate of development of early visual attention was not associated with overall 
functioning at school age. Nevertheless, some visual attention markers predicted functional 
difficulties on specific domains. At school age we found marginal differences in predictive 
associations for inhibitory attentional control and comprehensive reading. 
 We first discuss the predictive associations of visual attention measures in infancy with 
outcomes at school age. Subsequently, we discuss the differences in predictive associations 
between fullterms and preterms. 
 Regarding measures under non-competitive conditions, our data indicated that infants 
whose development of gaze shifts (both looks and latencies) was slower had poorer motor 
skills at school age, specifically poorer balance. Put differently, infants who developed efficient 
visuomotor processing more slowly had poorer balance later. A meta-analysis by Wilson and 
McKenzie55 concluded that difficulties in visual information processing are common in children 
diagnosed with developmental coordination disorder (DCD) at preschool age and beyond. 
This study provided the first data that motor development and attentional development 
might also be associated longitudinally. We suggest that the cerebellum is involved in this 
association. Supporting evidence for the role of the cerebellum in both gaze shifts, and reaching 
and maintaining balance, can be found in patients with cerebellar lesions. Cerebellar lesions, 
specifically focal lesion in the cerebellar vermis, are known to cause balance impairments56,57 as 
well as abnormalities in the initiation of pursuit eye movements.58,59 This observation indicates 
that the cerebellar vermis and the superior colliculus, the key structure in the generation of 
saccades, may be closely linked. Indeed, several models have been proposed that suggest a 
close cooperation between the superior colliculus and the cerebellum, including the vermis, 
during saccadic eye movements.60-62 In addition, the cerebellum is considered an important 
structure in the acquisition and execution of automatic movements.63 The eye movements and 
the balance demanding tasks in our study both rely on automatic processing. There appears to 
be an anatomically commonality in that the cerebellum is considered a central structure in eye 
movements and balance tasks. At present, however, the precise mechanisms underlying the 
longitudinal relationship between visuomotor processes in infancy and balance at school age is 
not properly understood.  
 Regarding predictive associations of visual measures under competitive conditions, our 
most prominent finding is that infants who attained adult latencies at later postterm ages, 
had poorer attention scores at school age. More specifically, their  performance on a task that 
measured inhibition of an automatic response (TEA-Ch-NL Opposite world) was poorer. Stability 
in cognitive abilities over time have been demonstrated before.34,64 To date, one other study 
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on preterms found visual attention in early infancy to be predictive of attention at school age. 
Sigman and colleagues8 reported that preterms who fixated a single stimulus longer at term 
age had poorer scores at school age on a novelty test that measured the ability to shift attention 
while ignoring irrelevant cues. Although these authors used different infant and school age 
measures of attention, basically their results are in agreement with ours. Infants with longer 
fixation durations, i.e. infants who had difficulty disengaging from a stimulus, also had poorer 
inhibition of attention to irrelevant information at school age. Others proposed that the ability 
to shift the gaze away from repetitive or uninformative aspects of the visual environment may 
reflect better attentional capabilities due to efficient information processing.3,65 According to 
this view, the inability to quickly disengage from a fixated stimulus may in turn reflect poorer 
attentional capabilities to the detriment of attentional abilities at school age. Rothbart and 
colleagues66 proposed that exercising the orienting network by presenting novel objects may 
produce increased connectivity between parietal areas involved in the orienting network and 
the lateral and medial frontal areas. Later on in development these latter areas are connected 
to the executive control network, the attention network involved in resolving conflict among 
response tendencies.67 Although the executive network is not yet fully operational before 
the age of three to four years,66 a strong functional connectivity between the orienting and 
executive networks is already in place during the first two years after birth.68 Inability to quickly 
disengage one’s gaze may decrease the opportunities of exploring the surrounding visual world 
and may, as a consequence, lead to decreased connectivity in lateral and medial frontal areas 
later connected to the executive network. Our findings indicated that the rate at which the 
ability to disengage under competitive conditions developed during the first 6 months, may 
serve as a critical component for later inhibitory attention control, possibly by a mechanism 
involving complex cortical-subcortical circuits. 
 Some findings applied to both non-competitive and competitive conditions. For instance, 
we found that those children who had been slower in developing looks under non-competitive 
and competitive conditions as infants, had a poorer handwriting at school age, a skill that 
requires visuomotor integration. We were, however, unable to replicate this finding with the 
visuomotor integration task (NEPSY-II Design copying). Further study is needed to clarify the 
broader significance of this finding. 
 We were unable to demonstrate significant associations between visual attention measures 
in infancy and IQ at school age. This is in contrast to previous research.7,33-35 These researches 
all suggested early visual attention measures to be predictors of IQ at school age. A possible 
explanation why such an association was absent in our study might be related to the age at 
which infants were tested. In the studies mentioned, infant measures of visual attention were 
taken from the age of seven months onwards, whereas we associated the developmental course 
of visual attention during the first 6 months to later functioning. A hypothetical explanation could 
be that the mental abilities that determine later intelligence are not yet sufficiently stable during 
the first months postterm due to the relative immaturity of the brain at this time.69 Moreover, the 
previous studies used static stimuli (abstract stimuli or neutral faces). Instead, we used dynamic 
stimuli, either abstract or representing the mother’s face. This might have facilitated shifting the 
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gaze towards the peripheral stimulus.70-72 
 Our second research objective was to determine whether predictive associations differed 
between fullterms and preterms. Apart from the predictive relations it became clear that 
preterm infants performed below their fullterm-born peers on visuomotor skills, motor skills and 
executive functioning which is in accord with findings from a large cohort study of very preterm 
infants.73 In the preterm group we found a tendency for slower attainment of 50%-looks under 
non-competitive conditions to be associated with better scores on comprehensive reading as 
opposed to poorer scores for the fullterms. Our findings imply that too rapid a development of 
visuomotor processes due to preterm exposure to the visual world might be disadvantageous 
for comprehensive reading later on. This is in line with our expectations. We assumed the faster 
development in preterms to occur at the expense of the formation of stable neural networks, 
meaning that slower development would be predictive of better, rather than poorer, functioning 
at school age. Even so, we reasoned that in fullterms more rapid development of visual attention 
may be a sign of maturity and therefore associated with better functioning at school age.
 With regard to differences in predictive associations under competitive conditions, we 
found no opposing associations for fullterms and preterms. Nevertheless, we did find that the 
negative relationship between the development of gaze shifting latencies under competitive 
conditions and later inhibitory attentional control was more pronounced in preterms than in 
fullterms. Important to note is that under the competitive conditions the preterms reached adult 
latencies of looks at an earlier postterm age than fullterms, indicating an advanced development 
of cortical processing in preterms.25 Despite their overall faster development of attentional 
disengagement, the preterms who seemed to have benefitted least from their additional visual 
exposure had the lowest attention scores at school age (see Figure 3). Presumably, early visual 
attention is a more robust marker of later attention skills in preterm-born than in fullterm-born 
children. This replicates findings from previous studies that predictive associations with later 
functioning are stronger in risk samples than in non-risk samples.33,64,74,75 The stronger predictive 
values for the preterms may also be a chance finding due to the small sample size and the 
presence of more extreme scores in the preterm group compared to the fullterm group. 
 In general, preterm or fullterm birth and the level of maternal education were related to 
most of the performance measures at school age. Predictive associations, however,  did not 
differ between fullterm-born and preterm-born children. Our findings are in line with Rose and 
colleagues who found no indications of differences between fullterms and low-risk preterms in 
the predictive relationships of several infant measures for IQ up to eleven years.33,34,76 We now 
add that this might also hold true for several other domains. Apparently, early visual exposure 
in preterms does not have much impact on the formation of neural networks involved in later 
cognitive and motor performance.  
 This study was one of the first to undertake a detailed exploration of the associations 
between visual attention in infancy and cognitive and motor outcomes at school age using 
standardized, skill-based measures. Nevertheless, we did also encounter some limitations. First, 
our study group was small. We may therefore have missed true associations due to a lack of 
power. Additionally, the chosen cut-off P value of .15 for analyzing subscales of composite scores 
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might also have caused an underestimation of true associations. Conversely, we should consider 
the likelihood of Type I errors in view of the large number of comparisons. We attempted to 
limit the number of chance findings by only analyzing subscales of composite scores when 
P values reached levels below .15. In addition, we re-evaluated our results after applying 
Bonferroni adjustments. A potential criticism, however, is that such statistical adjustment might 
have been too conservative, in particular because both the visual attention measures and the 
school age outcome scores might be correlated. Second, our fullterm sample may not be fully 
representative of the general population in the sense that most mothers had a relatively high 
level of education. Finally, we emphasize that all the predictive associations and their potentially 
underlying neural substrates as elaborated on in the discussion should be interpreted cautiously 
because after correcting for multiple testing none of our findings remained significant.  
 In conclusion, our findings suggest that a slower developmental course of visual attention 
measures during the first 6 months postterm age is associated with poorer school age 
performance on specific domains, irrespective of fullterm or preterm birth. In particular, a slower 
development of visuomotor processes predicted poorer balance, whereas a slower development 
of attentional processes predicted poorer inhibitory attentional control. Our data indicated no 
clear advantage or disadvantage for preterm-born children of the extra visual exposure in infancy 
for cognitive and motor outcomes at school age. We speculate that additional visual exposure 
might not interfere with the ongoing development of related neuronal networks. Nevertheless, 
for definite answers, we recommend this study be replicated in larger samples of fullterms and 
preterms. A better understanding of the relationships between markers of early visual attention 
and later cognitive and motor development may aid both early identification of risk factors and 
adequate intervention. Our results may serve as a framework for further exploration. 

Notes
1For a detailed report on the development of gaze shifting during the first 6 months of life in the 
preterm and fullterm group, see Hunnius et al. (2008). Please note that 3 fullterm children from 
the initial sample had to be excluded because there were no follow-up data available. 
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Supplementary material
Table. Cognitive and motor outcomes of the fullterm and preterm children.

Fullterms Preterms                   P value

cognitive outcomes

   Total intelligencea               101 ± 10 96 ± 13 .249

   Verbal intelligencea              108 ± 13 101 ± 12 .191

    Performance intelligencea        94 ± 12 91 ±14 .506

   Selective attentionb               57 (0.1−91) 37 (5−75) .182

   Inhibitionb                50 (5−84) 23 (0.1−99) .223

   Visuomotor integrationb               26 (11−51) 19 (2−26) .009**

   Picture puzzlesb                   51 (11−76) 19 (11−76) .040*

   Arrowsb                  91 (37−100) 63 (16−99) .127

   Route findingb                  26 (26−51) 26 (0−26) .309

   Form constancyb                         84 (25−99) 38 (1−91) .027*

   Visual closureb 84 (25−99) 37 (5−91) .027*

   Visual discriminationb 75 (16−99) 31 (9−99) .016*

   Executive functioningc           11 (1−88) 61 (13−90) .013*

   Mathematics (Levels I, II or III)d 15 (88) 6 (60) .153

   Spelling (Levels I, II or III)d 16 (94) 5 (50) .015*

   Comprehensive reading (Levels I, II or III)d 14 (82) 6 (60) .365

   Technical reading (Levels I, II or III)d 12 (71) 6 (60) .673

Motor outcomes

   Movement-ABC totale      10.0 (1.5−26.0) 11.3 (7.0−24.0) .127

   Manual dexteritye                 3.5 (1.0−7.5) 7.5 (3.0−10.0) .005**

   Object controle                             4.5 (0.0−8.0) 3.0 (0.0−6.0) .443

   Postural controle                        0.5 (0.0−11.0) 3.0 (1.0−10.0) .066

   Handwritinge                          14 (4−28) 22 (12−30) .002**

   Motor problems (DCD-Q)e      70 (15−75) 63 (29−74) .339

Data are given as median (minimum−maximum), mean ± SD or numbers (percentage). P values represent 

statistical differences between the fullterm and preterm group as calculated by the Fisher’s exact test 

(categorical variables), the Mann-Whitney u test or the Student t test (continuous variables). aIntelligence 

quotients. bPercentiles (low percentile indicates poor outcome). cPercentiles (high percentile indicates poor 

outcome). dScaled scores according to Dutch norms (higher levels indicating poor outcome). eRaw scores. 

*P<.05, **P<.01.
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General dIscussIon and future PersPectIVes

The aims of this thesis were threefold:

I. To investigate early motor development and the long-term neurodevelopmental outcomes  
 of infants treated with postnatal corticosteroids. 
II.   To investigate early motor development in various groups at risk of abnormal neurological  
 development. 
III.  To investigate the interrelationship between early motor development, early visual  
 attention, and neurodevelopmental outcomes up to school age in preterm-born and  
 healthy fullterm-born children.

With regard to our first aim, we determined the quality of general movements (GMs) until 3 months 
post term in infants treated with either hydrocortisone (chapter 2), high-dose dexamethasone 
(chapter 2) or low-dose dexamethasone (chapter 3), and we established the motor, cognitive 
and behavioral outcomes at school age of children treated with high-dose dexamethasone 
(chapter 4). Regarding our second aim, we explored early motor development of infants 
prenatally exposed to PCBs and OH-PCBs (chapter 5), and we reported on the outcome of an 
infant with molybdenum cofactor deficiency (MoCD) type A whom we treated experimentally 
with cyclic pyranopterin monophosphate (cPMP) (chapter 6). Concerning our third aim, we 
described associations between early motor development and early visual attention in preterm 
and healthy fullterm infants (chapter 7), we determined the predictive value of early motor 
development for functional outcome in healthy fullterm-born children (chapter 8), and finally 
we studied the relation between early visual attention and functional outcome in preterm and 
fullterm children (chapter 9). 

Part I.  Early motor development and outcome after corticosteroids

Bronchopulmonary dysplasia (BPD) is still one of the major complications in mechanically 
ventilated premature infants resulting in significant mortality and morbidity. For decades, debate 
is ongoing about the most optimal (treatment) strategy for preterm infants at risk for BPD. 
Persistent inflammation of the lungs is the most likely cause of BPD and since corticosteroids 
have strong anti-inflammatory effects these are among the most commonly administered 
drugs in this specific patient population. Treatment with dexamethasone (DXM) has repeatedly 
been shown to be effective in weaning infants from the ventilator, lowering the rate of BPD, 
and in decreasing total duration of supplemental oxygen therapy,1 even when using lower 
doses.2-4 Adverse long-term neurological sequelae such as cerebral palsy, however, have been 
reported.5 Hydrocortisone, as an alternative to DXM, seems not to exert such adverse effects 
on neurodevelopment6,7 although the efficacy of hydrocortisone (HC) treatment remains 
questionable as infants treated with HC showed no improvements in important outcomes of 
mortality, or of rates of BPD or home oxygen dependence.8 
 A difficulty in interpreting the results of these studies lies in the various methodologies with 
different types of corticosteroids used (dexamethasone or hydrocortisone), and widely differing 
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timing and dosage schedules of corticosteroids. In addition, studies are often contaminated in 
that infants randomly assigned to placebo still receive open-label corticosteroids.9-11 Moreover, 
part of the infants treated with corticosteroids still go on to develop BPD, which in itself constitutes 
a risk factor for abnormal neurodevelopment.12,13 A crucial shortcoming of current studies is that 
they report on outcomes from the age of 12 months onwards14 while it is particularly this group 
of infants that might benefit from identification at the earliest possible age in order to start 
interventions when the brain is subject to a high degree of neuroplasticity.  

General movements

One of the diagnostic tools that can be used already in early infancy to judge the integrity of 
the central nervous system is the qualitative assessment of general movements (GMs).15,16 In 
addition, it has proven to serve as the most reliable predictor for later neurodevelopment.17 In 
accordance with the adverse neurodevelopmental effects seen after treatment with high-dose 
DXM,5,14,18 we demonstrated a poorer motor optimality already in the first few days after birth 
(days 1 and 7) and at 3 months in infants treated with high-dose DXM (starting doses of 0.5 mg/
kg/day) when compared to untreated infants (chapter 2). After DXM had been started, the motor 
optimality declined within one day. 
 In Figure 1, we provide an overview of our findings and proposed mechanisms for the 
observed changes in GM quality. One has to keep in mind that these mechanisms are based on a 
combination of human and animal studies, and are speculative in nature. DXM is known to have 
forceful anti-inflammatory effects, which are caused by DXM’s strong binding to glucocorticoid 
receptors.19 In addition to these anti-inflammatory effects, activation of glucocorticoid receptors 
leads to inhibition of glucose uptake into muscle and nerve cells, an effect which is already evident 
within 24 hours.20 Activation of glucocorticoid receptors may not only result in acute metabolic 
effects but might even lead to temporary21 or permanent22,23 changes in the brain architecture. In 
rat studies it was investigated whether high doses of glucocorticoid altered the dendritic spinal 
turnover in cortical brain areas. In the first 24 hours after glucocorticoid treatment, the formation 
of dendritic spines in rats was not decreased.24 The poorer motor optimality that we observed 
at the first day after the start of treatment was mainly related to reduced speed of movements 
(unpublished data) and not by a poorer GM quality. This supports the view that the deterioration 
in motor optimality at the first day following treatment might be considered an acute metabolic 
effect rather than a result from a decrease in synaptic connectivity. After daily glucocorticoid 
injections for 5 to 21 days, however, a decrease in the formation of dendritic spines has been 
observed,24-26 indicating that glucocorticoid administration may alter the integrity of the brain 
after repeated exposure to glucocorticoids which is in accordance with the poorer quality of 
GMs that we observed at day 7 following treatment. Previous findings and the present results 
suggest that DXM treatment may disturb normal patterns of synaptic connectivity. DXM may 
also indirectly lead to a decrease in synaptic connectivity by causing a hypoglycemic condition 
in neuronal cells27 and/or by alterations in gene transcription.28,29 
 Synaptic input is a prerequisite for neurons to survive.30 A decreased synaptic connectivity 
caused by prolonged exposure to DXM may eventually lead to neuronal cell death. This theory 
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has been confirmed in rats who received a tapering course of DXM and had a higher neuronal 
apoptosis rate than placebo-treated rats in different brain regions, including cortex, thalamus, 
hippocampus, cerebellum, and subventricular zone.31 This generalized and persisting effect of 
DXM on brain development might account for the observed poorer FM quality and lower MOSs 
at 3 months. 

Figure 1. Observational changes in quality of general movements (GMs), fidgety movements (FMs) and motor 

optimality scores (MOS) in infants treated with dexamethasone (DXM) compared to untreated infants, and 

proposed mechanisms.

functional outcome at school age

To determine if and to what extent treatment with high-dose DXM may have an impact 
on outcome at school age, we performed a follow-up study at 9 years of age including 
preterm infants treated with high starting doses of DXM (chapter 4). Where previous studies 
predominantly reported on motor outcome,5 we found poorer performance on multiple other 
functional domains at school age as well when compared to existing literature on outcome of 
preterm-born, untreated, children. We speculated that the combination of affected domains, i.e. 
fine motor skills, visuomotor integration, visual perception, and attention suggests impairment 
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of the dorsal visual stream, a neural network linking the occipital and posterior parietal cortices, 
and which is heavily connected to the prefrontal and premotor cortex, hippocampal regions, 
basal ganglia, and cerebellum.32,33 The dorsal visual stream has been suggested to be particularly 
vulnerable for perinatal medical complications in preterm-born children.33-35

 Furthermore, evidence is accumulating that the cerebellum, apart from its role in motor 
skills, might contribute to several higher cognitive functions including visual-spatial information 
processing.36,37 Rodent data indicate that DXM exposure produced apoptosis in neuronal 
progenitor cells and led to permanent cerebellar pathology.23 In accordance with these findings, 
neuroimaging studies have demonstrated reduced cerebellar growth at term-equivalent age 
after postnatal exposure to DXM.38,39 We, therefore, propose that a reduced cerebellar volume 
may further contribute to the deficits we found at school age. 
 To our surprise, DXM-treated children performed well within the range of a norm population 
on verbal long-term memory and recognition. Still, those infants with the longest treatment 
duration and highest cumulative doses had the lowest memory performance scores. Impairment 
in memory and learning has been linked to hippocampal damage.40 Recently, it was demonstrated 
that the neurons of the ventral part of the hippocampus were more affected by DXM exposure 
than the dorsal part.26 Interestingly, in fMRI studies the dorsal part of the hippocampus was more 
activated than the ventral part during recall of verbal memory.41,42 Although speculative, it might 
be that long-term verbal memory and recognition remained relatively spared due to the less 
neurotoxic effects on the dorsal part of the hippocampus. 
 Other risk factors, related to the use of DXM, might have contributed to the poorer school 
age performance. Our studies particularly hint at longer mechanical ventilation (chapters 3, 4) 
and the presence of BPD (chapter 4) to be related to poorer outcome, possibly by mechanisms 
involving   disruption of the integrity of cerebral white matter43,44 and/or cerebellar impairment13 
(Figure 1). 

Figure 2. Motor optimality scores at 3 months 

postterm in infants treated with low-dose 

dexamethasone (DXM), high-dose DXM, 

hydrocortisone (HC), and controls. The data in the 

graphs are presented as box and whisker plots. 

Boxes represent the individual values between the 

25th and 75th centiles (interquartile range); whiskers 

represent the range of the values, with the exception 

of outliers.
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different types and dosing schedules of corticosteroids

Since high-dose DXM does not seem to confer additional therapeutic benefit over lower doses, 
the American Academy of Pediatrics has recommended restricting routine use of high-dose 
DXM in 2002.45 Since then, researchers have attempted to find the lowest clinically efficacious 
dose of DXM, with a view to minimizing the adverse neurodevelopmental effects.3,10,46-49 Where 
some found that lower doses of DXM facilitated extubation without increasing short-term 
adverse neurodevelopment,3 others could not demonstrate a decreased risk of abnormal 
neurodevelopment.10,48,49

 In our study of infants treated with low doses of DXM (0.25 mg/kg/day) after the second 
postnatal week (chapter 3) we demonstrated promising results in that the quality of GMs 
significantly improved with the majority of infants having a normal neurodevelopment at 12-36 
months. As illustrated in Figure 2, low-dose DXM treated infants had a higher MOS at 3 months 
compared to high-dose DXM-treated infants from our previous cohort (chapter 2). The latter 
results are in line with the previously shown differential impact of different DXM doses on brain 
structures. For instance, in rats hippocampal neuronal cell loss was demonstrated after treatment 
with high doses of DXM, but not after low-dose DXM treatment.21 
 Despite these favorable outcomes, we found a high prevalence of BPD in our cohort (94%). As 
this is in contrast to previous studies of low-dose DXM,4,46,47 we proposed that this high prevalence 
of BPD might be related to our stringent treatment policy, which is we only started treatment 
in those infants who required rather high levels of respiratory support (ventilator dependency 
after the 10th day with high ventilatory pressures (mean airway pressure >12 cm H

2
O) and /or 

high fractional inspirational oxygen requirement (>0.50). It might therefore well be that the a 
priori risk of developing BPD was higher than in the other studies. Treatment indications in most 
previous studies were ventilatory dependence and/or the necessity to start treatment as judged 
by the clinician without reporting details on ventilator settings,3,46,47 which makes it difficult to 
compare the a priori risk of BPD between our cohort and those study groups. 
 In agreement with previous studies we demonstrated no adverse effects of hydrocortisone 
(HC) on neurodevelopment in the first three months after term. As elaborated in chapter 2, the 
quality of GMs was comparable between HC-treated infants and untreated infants, and MOSs 
at 3 months were higher than in infants treated with high-dose DXM (Figure 2). HC differs 
from DXM in the lower potency for glucocorticoid activation and much higher potency for 
mineralocorticoid activation. The lower glucocorticoid activation of HC may account for its less 
forceful anti-inflammatory properties and consequently less beneficial effects on preventing 
BPD.8 In contrast, mineralocorticoid receptors protect against neuronal cell apoptosis by 
upregulation of anti-apoptotic proteins22,50-52, which might explain the higher MOS at 3 months 
in HC-treated infants and the absence of adverse neurodevelopmental effects at school age.6,7  
 The results provided in this part of the thesis suggest that low-dose DXM might be 
considered a potentially safer alternative treatment option than high-dose DXM in infants at risk 
for development of BPD. Nevertheless, randomized controlled trials are needed to investigate 
long-term respiratory outcome and to investigate whether the favorable neurological outcome 
persists up to school age and beyond.
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Part II.  Early motor development in various risk groups

The perinatal period is characterized by great plasticity of the brain, which renders the brain 
particularly vulnerable to injury.53 Prenatal exposure to environmental pollutants such as 
polychlorinated biphenyls (PCBs) and their hydroxylated compounds (OH-PCBs) may induce 
long- lasting neurological damage.54 In chapter 5, we determined whether prenatal background 
exposure to (OH-)PCBs would affect the early motor development of three-month-old infants. We 
demonstrated that high background exposure to most PCBs and OH-PCBC-107 was associated 
with a reduced movement repertoire, whereas several other OH-PCBs tended to be associated 
with an age-adequate movement repertoire. Overall, our findings indicate that prenatal exposure 
to OH-PCBs may be less neurotoxic than does prenatal exposure to PCBs. 
 One of the potential mechanisms through which (OH-)PCBs may have an adverse effect 
on motor development is by disruption of thyroid hormone homeostasis.55 Thyroid hormones 
regulate migration, process outgrowth, synaptic development, and myelin formation in specific 
brain regions, as well as the timing of these processes.55 Previous studies on thyroid hormonal 
activity in vitro56 and in vivo57 suggested more neurotoxic effects of OH-PCBs than PCBs, which 
is in contrast to our results. We speculated that this might be related to the higher cord blood 
levels of PCBs than OH-PCBs in our cohort. Furthermore, exposure to PCBs continues after 
birth by maternal transfer of PCBs via breast feeding,58 while OH-PCBs are poorly transferred 
to human milk.59 Thus, the actual exposure to PCBs might have been higher than the reported 
concentrations based on cord blood. 
 We have to emphasize, however, that most associations were found for the age-adequacy of 
movement patterns. In our study on the predictive value of early motor development for school 
age outcome in healthy fullterm children (chapter 8), we demonstrated that an age-adequate 
repertoire was related to poorer cognition. We therefore advocate these children to be followed 
up to clarify what impact prenatal exposure to (OH-PCBs) has on later functioning, and to 
determine how assessment of the early motor development may assist in predicting outcome. 
Furthermore, we recommend that future studies focus on the influence of prenatal exposure 
to mixtures of several compounds on neurodevelopment because humans are continuously 
exposed to a variety of endocrine-disrupting chemicals, which can act together, and lead to 
effects that are different from those of the individual pollutants.60 
 In chapter 6 we described the neurodevelopmental outcome of an infant with molybdenum 
cofactor deficiency (MoCD) type A who was experimentally treated with cyclic pyranopterin 
monophosphate (cPMP). In our patient, diagnosis was confirmed prenatally and birth was 
induced at 36+3 weeks PMA because of deterioration of MRI findings (signs of atrophy and edema; 
unpublished data). We were the first to demonstrate that starting cPMP treatment within 4 hours 
after birth leads to a favorable neurodevelopment as shown by improvement in aEEG patterns, 
improvement of GM quality and a normal neurodevelopmental outcome with only a mild delay 
in cognitive functioning at 21 months of age. To date, this patient is still responding well. Our 
findings suggest that if a diagnosis of MoCD has been confirmed by antenatal testing, early 
induction of birth should be taken in consideration to enable early treatment before the onset of 
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cerebral injury. An additional interesting finding was that the course of the MOS corresponded 
well to the course of SSC-levels, one of the most sensitive hallmarks for sulfite toxicity.61 Our data 
suggest that the assessment of GM quality may contribute in monitoring treatment efficiency 
in infants with MoCD type A. Extended follow-up is urgently needed to reveal whether the 
beneficial effects of cPMP on neurodevelopment last throughout childhood and continue into 
adulthood. 

Part III.  Interrelationship between early motor development,  
   early visual attention and functional outcome at school age

During prenatal development and early infancy, the brain is subject to considerable 
developmental changes. Neurons proliferate, migrate and an excessive amount of neurons and 
synaptic connections are formed. The fate of these excess neurons and synapses is determined 
by synaptic pruning, a process which involves selective elimination of neurons and synapses to 
form efficient neural networks.30 Until the stage of synaptogenesis, brain development is largely 
driven by genetic processes.62-64 Once the brain reaches the stage of synaptic pruning, however, 
the balance shifts towards activity-dependent processes: the activity of a neural pathway, 
driven by experience, affects whether a particular connection weakens or stabilizes as part of a 
permanent network.62,65 Although synaptic reorganization of the brain continues into early adult 
years, it is already during infancy that the foundations of the brain architecture are established 
that are critical to the many complex functions of the adult brain.62,65 In the earliest years of life, 
children’s experiences mainly depend on their ability to generate a large repertoire of varied 
movements and their visual exploration of surroundings. These early behaviors may therefore 
serve as important markers for brain integrity and, as a consequence, may also serve as potential 
predictors for later functioning. 

early motor development and functional outcomes at school age

The qualitative assessment of spontaneous movements, the so-called general movements (GMs), 
has proven to be a powerful predictor for later cerebral palsy (CP)66,67 and minor neurological 
dysfunction.68 Evidence is accumulating that the quality of GMs not only predicts later motor 
outcome but also has predictive value for later cognition such as intelligence and attention.69,70 
Previous studies of the predictive value of early motor development for later functioning are 
drawn from specific populations such as high-risk fullterm infants or infants born preterm. These 
studies suggest that the predictive relations between early motor expression and later outcome 
are mediated by brain abnormalities, such as white matter abnormalities,71 basal ganglia and 
thalamic lesions,72 or more broadly, dysfunction or damage of the cortical subplate and/or its 
connections, which run through the periventricular white matter and basal ganglia.73,74 
 To contribute to a better understanding about the role of spontaneous movement activity 
in the infant during normal brain development, we examined the early motor development 
and subsequent functional outcomes in a cohort of fullterm, healthy children at 6 years of 
age (chapter 8).75 Since all but two infants had a normal quality of fidgety GMs we focused 



10

188

General dIscussIon and future PersPectIVes

on detailed aspects, and found that children with an age-adequate repertoire of movements 
had poorer cognitive outcomes at school age than children with a reduced motor repertoire. 
Detailed patterns that were associated with better outcomes included the presence of variable 
finger postures and the absence of a monotonous concurrent repertoire.
 For interpreting our findings regarding the age-adequacy, we must take into account 
that the variety of motor patterns is a complex phenomenon. Previous studies indicate that 
the number of different movement patterns increases between 6 and 24 weeks postterm in 
preterm76 and fullterm populations.77 We replicated this finding when we looked at the averaged 
developmental curves of movement patterns for a fullterm and a preterm group (chapter 7). 
From our observations of individual longitudinal trajectories of movement patterns, however, it 
became clear that the majority of infants showed a drop in their number of different movement 
patterns at variable time points (for individual developmental trajectories, see Supplement 2 in 
chapter 7). We might consider these drops in movement variety being related to either of two 
processes. The first is the period of neural reorganization that normally occurs around 3 months 
postterm age and has been shown to be preceded by a temporary decline in movement 
variation.78,79 The other is the selection phase in which an infant is engaged in one particular 
movement pattern for a prolonged period or shows repetition of a few particular patterns. This 
selection phase occurs at function-specific ages and is accompanied by a transient reduction in 
the overall motor repertoire.80

 We speculated that infants with fewer movement patterns represented those infants that 
started selection of specific movement patterns earlier due to advanced neurodevelopment 
resulting in a less variable repertoire than infants who had not reached this stage yet. Alternatively, 
infants with fewer movement patterns might have represented those infants that were in the 
period just before the neural transformation in contrast to infants who showed more movements 
and were thought to have passed this phase. If the latter would have been the case, though, 
we would have expected an association with poorer, rather than better, outcomes because of 
a delayed neurodevelopment. Thus, although we corrected for ages at recording, we cannot 
exclude the possibility that the observed differences in movement variation were attributed 
to the different timing of assessing motor development between infants rather than that we 
observed true differences in developmental progressing within the individual infant. In order 
to improve the interpretation of our findings and to be able to place our findings in a broader 
perspective, it is important that future studies focus on developmental trajectories of movement 
variety and its association with later neurological and functional outcome. 
 Despite these puzzling findings, it was striking that the detailed patterns that were 
associated with better outcomes, i.e. variable finger postures and the absence of a monotonous 
concurrent repertoire, were the ones that represented more qualitative aspects of motor 
development in contrast to the age-adequacy that comprised a more quantitative measure of 
motor development. 
 Together, our findings suggest that qualitative markers of early motor development, other 
than quality of GMs, may reflect those neural systems that underlie higher cognitive functioning 
and have already gained their permanent brain architecture around 3 months or remained more 
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or less stable over time. 
 Important to note is that in all studies on early predictive measures for later outcome other 
factors than the one investigated may have affected brain development and therefore future 
functioning. These factors probably include biological factors, such as genetic and epigenetic 
factors, and environmental factors, such as social environment, mother-infant interaction, 
motivation, and parental education.81

early visual attention and functional outcomes at school age

An important exploratory behavior that may have an impact on later functioning is the looking 
behavior of infants. An infant’s ability to disengage and shift gaze from a fixated central stimulus 
to another stimulus in the periphery (‘visual attention’) is thought to reflect cognitive processing.82 
It involves attention networks that have been shown to be closely associated with the widely 
distributed dorsal stream of visual-spatial processing, which underlies many cognitive and 
motor functions.83 In chapter 9 of this thesis we investigated the longitudinal relation between 
the developmental rate of visual attention in the first 6 months and functional outcome at 10 to 
11 years of age. Our data showed that infants who reached adult levels of visual attention at later 
postterm ages had a poorer performance on attention, motor skills, and handwriting at school 
age. These results should also be interpreted in the light of several other factors that may have 
contributed to neurodevelopment, as discussed in the previous paragraph.

the interrelationship between early motor development, early visual attention and functional 

outcome  at school age

In the past years, a close interrelationship between motor development and cognitive 
development has been recognized with empirical evidence stemming from cross-sectional84,85 
as well as longitudinal studies.86-88 Several theories have been posed regarding the link between 
motor and cognitive development. According to Gesell’s maturational theory,89 a child’s 
development including motor, intellectual, and behavioral development, proceeds according 
to a biological and genetically predetermined plan regardless of other potential environmental 
influences. Others, such as Piaget90 and Thelen,91 stress a more flexible, constructivist perspective 
in which brain development involves both preprogrammed processes and experience-based 
self-constructed shaping and fine-tuning of neural networks. Following the line of argumentation 
of a maturational factor underlying the link between motor and cognitive development, one 
might expect shared neural substrates for different motor and cognitive functions at varying 
stages of development. In the different Chapters of this thesis, we elaborated on the mechanisms 
underlying the relations between early motor development and early visual attention on the 
one hand and functional outcomes at school age on the other hand. Neurophysiological and 
neuroimaging evidence suggests the involvement of the prefrontal cortex, the cerebellum and 
their connecting structures (among others the basal ganglia and striatum) for the interrelation 
between motor and cognitive development. For an overview see Diamond et al. 2000.92

 To our knowledge, we are one of the first to show longitudinal associations for predictive 
measures obtained in the first 6 months of postnatal life, a period in which cortical or cerebellar 
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structures have not yet fully matured and brain development is predominated by the formation 
of cortico-subcortical circuits guided by the cortical subplate.93,94 This suggests that underlying 
mechanisms also involve connectivity between the cortico-subcortical circuits involved in motor 
and higher cognitive functioning.86,87 
 In chapter 7, we elaborated on this question by examining whether early measures of motor 
development and cognition were associated. By exploring longitudinal trajectories we aimed 
at providing more insight into possible coupling between maturing pathways involved in early 
motor development (expressed in movement variety) and early cognitive processing (expressed 
in visual attention). Those pathways are considered to involve anatomically segregated 
basal ganglia-thalamo-cortical circuits.95,96 Despite their anatomical segregation within the 
neurological structures comprising the circuit, synaptogenesis in those neurological substrates 
follows synchronous patterns.97 In other words, it seems that these circuits develop in parallel, 
which led to our hypothesis that maturational changes in movement variety and visual attention 
might be coupled at an individual level. 
 However, we were unable to show a coupling between developmental trajectories of 
movement variety and visual attention, which suggests that movement variety and visual 
attention do not follow a synchronous development but develop independently during the first 
6 months. The lack of finding a close association could be interpreted in several ways. First, one 
might conclude that motor and cognitive development are not correlated in such early stages 
of development and that overlapping or strong interconnectivity between cortico-subcortical 
circuits should not be considered the mediating factor in which motor and cognition are related 
at later ages. Referring to our previous findings that an age-adequate repertoire was associated 
with poorer cognitive outcomes, one might also speculate that motor development and 
cognitive development compete for similar resources during early development. In that case, 
we would expect to find opposing associations between developmental trajectories. Our data, 
however, provided no clues for such opposing associations. Finally, we should consider that the 
developmental events occurring in the first 6 months might have been too variable over time 
for associations between movement variety and disengagement to come to light within our 
small study sample.

the effect of preterm exposure to the extra-uterine environment on neurodevelopment

Infants born preterm are exposed to the extra-uterine environment during a period when the 
brain is still developing rapidly. If and to what extent different brain regions and their behavioral 
correlates might be accelerated has been a topic of research for years. No clear answers have 
been provided so far.98-101 
 We described in chapter 8 that developmental trajectories of movement variety were 
similar for fullterm and low-risk preterm infants. Probably, a longer exposure to the extra-uterine 
environment has no beneficial, nor adverse, effect on cortico-subcortical circuits involved in 
the infant’s motor development during the first 6 months postterm. This strengthens previous 
findings in which it was suggested that the presence of various motor patterns, like the quality 
of the motor repertoire, are largely dependent upon intrinsic processes.102,103



10

191

General dIscussIon and future PersPectIVes

 Regarding visual attention data, it was previously reported that our group of preterm infants 
had a temporarily faster development of visual attention at similar postterm ages than their 
fullterm counterparts, suggesting that maturation of cortical circuits involved in the preterm 
infants’ visual and attentional development was accelerated as a consequence of their early 
visual experience.104

 The question remains whether the faster development of visual attention affected the normal 
trajectory of brain development. It has been put forward that accelerated brain development 
may have deleterious effects on later neuronal differentiation,105 that it may compromise the 
development of related neural networks,106 and that it may interfere with normal cortical 
organization.105 Deleterious effects of accelerated neurodevelopment could only be confirmed 
for comprehensive reading skills. Within the group of preterm infants, the ones with the fastest 
development of visual attention, i.e. the ones that may have benefitted most from the additional 
exposure, had poorer comprehensive reading skills later on. This particular finding suggests 
that the accelerated maturation of visual attention networks had disruptive effects on neural 
networks involved in comprehensive reading. For most of the motor and cognitive outcome 
measures, however, the additional visual exposure seemed not to have interfered with the 
ongoing development of related neuronal networks.  
 The results presented in the last part of this thesis suggest that developmental changes in 
movement variety in the first postnatal months are mainly based on endogenous maturational 
processes, leaving a minor role for postnatal experience. In contrast, developmental changes 
in visual attention in the first postnatal months were influenced by the duration of exposure to 
the extra-uterine environment. The accelerated development of visual attention processes seen 
in preterm infants, however, did not last until 10 to 11 years of age and seemed not to interfere 
with the ongoing development of related neuronal networks.  

limitations of this thesis

The studies described in this thesis encountered some potential limitations. The first is the 
explorative nature of some studies with a large number of comparisons resulting in a great 
potential for chance findings (chapters 5, 8, 9). Nevertheless, we believe that exploring several 
associations in the particular studies was justified as part of a careful evaluation of a rich data 
set in the context of hypothesis-driven research.107 A second limitation was the lack of detailed 
neuroimaging data. Although cranial ultrasound visualizes most large lesion that are associated 
with abnormal neurodevelopmental outcome,108,109 we may have missed more subtle lesions that 
may also have had an impact on neurodevelopment. A third limitation is that no control groups 
were available for the two studies in which we assessed neurodevelopment after treatment with 
either high (chapter 4) or low doses of DXM (chapter 3). We, however, intentionally refrained from 
including a preterm control group because of the difficulty of sorting out the effects of BPD and its 
associated neonatal morbidities from the effects of DXM treatment. Preterm control infants (thus 
having BPD without DXM treatment) would be less severely ill in terms of BPD and would have 
differed on many other neonatal characteristics what makes it difficult to disentangle the effects 
of DXM on neurodevelopmental outcome. A fourth limitation is that in our longitudinal studies 
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the sample sizes were small which may have caused an underestimation of true associations. 
A concluding remark for the studies described in this thesis is that our results are all obtained 
from behavioral studies and therefore do not allow for direct evidence on the involvement of 
neurological substrates. However, our data still provide valuable insight into motor, cognitive and 
behavioral performances at varying stages of development and its complex interrelationships. 

conclusions, implications and future perspectives 

In the first two parts of this thesis we provide insight into the effect of several risk factors in 
the prenatal and early postnatal period on early motor development. The third part sheds light 
on the complex interrelations between early motor development, early visual attention and 
functional outcome.
 Prenatal exposure to polychlorinated biphenyls (PCBs) and some hydroxylated PCBs (OH-
PCBs) led to a reduced motor development around 3 months of age, probably by a mechanism 
involving the disruption of thyroid hormone homeostasis.55,110 Additional research is needed to 
fully elucidate the possible adverse effects of (OH-)PCBs on later functioning. Follow-up testing 
should not only include neurological, motor, cognitive and behavioral assessments but should 
also include current (OH-)PCB levels and thyroid hormone status to determine if and to what 
extent prenatal exposure to (OH-)PCBs has lasting effects. Moreover, it should include the 
assessment of pubertal development as OH-PCBs are considered to have disruptive effects on 
reproductive hormones as well.111 
 In an infant with MoCD type A, we demonstrated that GM quality contributed in monitoring 
and predicting neurological functioning after experimental cPMP treatment. Even though we did 
not directly relate GM quality to outcome, the marked improvement in GM quality and normal 
FMs at 3 months of age well agreed with the favorable outcome at 21 months of age. These 
observations add to the growing body of evidence that the assessment of GMs quality might be 
a valuable tool not only to assess neurological functioning, but it may also facilitate in predicting 
outcome at much earlier ages than with traditional neurological examination. An important 
practical implication is that the assessment of GM quality may help clinicians to recognize early 
signs of neurodevelopmental impairment, and consequently, they may begin early treatment 
in those infants that suffer from diseases that, if left untreated, will lead to severe neurological 
abnormalities and ultimately death.
 Postnatal exposure to glucocorticoids, in particular high doses of dexamethasone (DXM), 
led to a consistently poorer quality of GMs as compared to controls, possibly by mechanisms 
including metabolic changes,20,22 altered gene transcription,28,29 decreased synaptic connectivity,24-

26 and ultimately neuronal apoptosis.31 These adverse effects on neurodevelopment lasted at 
least up to 9 years at which age children showed functional impairments on multiple domains. 
We proposed that permanent neuronal changes in dorsal visual stream, hippocampus and 
cerebellum underlie some of the deficits found at school age. Treatment with lower doses of 
DXM seemed not to exert adverse effects on neurodevelopment, at least not until the age of 
two years. Our findings contribute to the ongoing debate suggesting that the use of a tapering 
course of DXM in starting doses of 0.25 mg/kg/day might be a good candidate regimen for 
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infants at risk of BPD that deserves further evaluation. We advocate for randomized controlled 
trials without open-label use of DXM to investigate long-term respiratory and neurological 
outcome after low-dose DXM treatment.
 More recently, other treatment options for preterm infants at risk of BPD have become a 
topic of forthcoming research. These include inhaled nitric oxide therapy (iNO) combined with 
vitamin A supplementation,112 and stem cell-based therapies.113 Combined treatment with 
iNO and vitamin A supplementation in a sample of low birth weight preterm infants showed 
beneficial effects in reducing the risk of BPD and improving neurodevelopmental outcomes 
at 1 year of age when compared to infants treated with iNO alone.112 Very recently, the first 
clinical trial was published in which 9  extremely preterm infants at very high risk of developing 
BPD received an intratracheal allograft transplantation of mesenchymal stem cells derived 
from human umbilical cord blood.114 They had significantly lower BPD severity when compared 
with a historically matched comparison group. Although both new treatment strategies seem 
encouraging, future studies should be undertaken not only to assess long-term safety but also 
to compare those new treatment strategies with conventional corticosteroid treatment, in a 
randomized-controlled setting and sufficiently powered to control for potential confounders 
such as timing and dosages of corticosteroids and neonatal comorbidities. 

In the third part of this thesis we demonstrated that early measures of both motor development 
and visual attention predicted several, and some overlapping, domains of functional outcome 
at school age. The mechanism by which these longitudinal associations can be explained might 
involve the establishment of relatively stable neural networks in the first postnatal months that 
are engaged in several motor, neurocognitive and behavioral functions in later life. However, 
in the first 6 months postnatally, we found no correlations between longitudinal trajectories of 
early motor development and cognitive processing, expressed in visual attention measures. This 
suggests that the strong association between motor and cognition development as described 
in literature has not been established yet in the first 6 months of life by overlapping of or a strong 
interconnectivity between cortico-subcortical circuits.
 Both prenatal and early postnatal experiences are fundamental for the development of the 
central nervous system. In preterm infants, the development of their central nervous system 
might be accelerated by their earlier, and therefore additional, sensory-motor experiences. 
Previously reported findings lend support for a temporary accelerated development of visual 
attention processes.104 We now added that this accelerated development did not have a clear 
impact on later motor, behavioral or cognitive functioning, arguing against disruptive effects on 
related neural networks. Developmental trajectories of movement variety were not accelerated 
nor delayed, indicating that endogenous maturational processes predominate early motor 
development, leaving a minor role for postnatal experience. 

Although the data presented in the final part of our thesis have enhanced our understanding 
about the complex interrelationships between early motor development, early visual attention 
and functional outcome, it has raised many questions in need of further investigation. One of 
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those questions is what range of movement variation should be considered normal during early 
development. Future longitudinal studies on individual trajectories of movement variety and its 
association with later neurological and functional outcome would be particularly helpful, as this 
might not only help in interpreting the present findings but might also shed light on the issues 
of intra- and interindividual variability. These are aspects of development that are considered to 
be part of normal development, but if, and if so to what extent, they contribute to neurological 
changes throughout infancy has yet to be determined. 
 Another important question that remains is whether the assessment of early motor 
development and early visual attention measures might have practical implications. Our findings 
on early motor development suggest that in particular the absence of variable finger postures 
could help to identify those infants that might experience visual-spatial information processing 
difficulties later on. Those infants might benefit from strategies aimed at improving visual spatial 
skills, such as practicing manipulating and constructing objects and exploring new environments. 
These should be employed at the earliest ages possible when infants might benefit most from 
interventions. To improve school performance, teachers should not only encourage practicing 
visual-spatial skills but they should also place more emphasis on verbal teaching instructions 
rather than relying on visual displays, such as graphs and diagrams.
 Our findings on early visual attention measures implicate that developmental changes in 
visual attention measures may guide the identification of infants who will develop difficulties 
in attentional, handwriting and motor skills. Advancements in technology have led to the 
development of less complex, less expensive, and sufficiently accurate technological devices 
capable of measuring eye movements, which may hold promise as a predictive tool to use in a 
practical setting. 
 Finally, a key area of modern research should include longitudinal studies that combine early 
behavioral measures with neuroimaging data to increase our knowledge about how behavioral 
functions, such as early motor development and visual attention, relate to developmental 
changes in the brain throughout infancy. 



10

195

General dIscussIon and future PersPectIVes

References
1. Doyle LW, Ehrenkranz RA, Halliday HL. Dexamethasone treatment in the first week of life 

for preventing bronchopulmonary dysplasia in preterm infants: A systematic review. 
Neonatology 2010;98(3):217-224. 

2. Odd DE, Armstrong DL, Teele RL, Kuschel CA, Harding JE. A randomized trial of two 
dexamethasone regimens to reduce side-effects in infants treated for chronic lung disease 
of prematurity. J Paediatr Child Health 2004;40(5-6):282-289. 

3. Malloy C, Hilal K, Rizvi Z, Weiss M, Muraskas J. A prospective, randomized, double-masked 
trial comparing low dose to conventional dose dexamethasone in neonatal chronic lung 
disease. The Internet Journal of Pediatrics and Neonatology 2005;5(1). 

4. McEvoy C, Bowling S, Williamson K, McGaw P, Durand M. Randomized, double-blinded trial 
of low-dose dexamethasone: II. Functional residual capacity and pulmonary outcome in 
very low birth weight infants at risk for bronchopulmonary dysplasia. Pediatr Pulmonol 
2004;38(1):55-63. 

5. Shinwell ES, Eventov-Friedman S. Impact of perinatal corticosteroids on neuromotor 
development and outcome: review of the literature and new meta-analysis. Semin Fetal 
Neonatal Med 2009;14(3):164-170. 

6. Lodygensky GA, Rademaker K, Zimine S, et al. Structural and functional brain development after 
hydrocortisone treatment for neonatal chronic lung disease. Pediatrics 2005;116(1):1-7. 

7. ter Wolbeek M, de Sonneville LM, de Vries WB, Kavelaars A, Veen S, Kornelisse RF, et al. Early 
life intervention with glucocorticoids has negative effects on motor development and 
neuropsychological function in 14-17 year-old adolescents. Psychoneuroendocrinology 
2013;38(7):975-986. 

8. Doyle LW, Ehrenkranz RA, Halliday HL. Postnatal hydrocortisone for preventing or treating 
bronchopulmonary dysplasia in preterm infants: A systematic review. Neonatology 
201012;98(2):111-117. 

9. Wilson-Costello D, Walsh MC, Langer JC, Guillet R, Laptook AR, Stoll BJ, et al. Impact of ostnatal 
corticosteroid use on neurodevelopment at 18 to 22 months’ adjusted age: effects of dose, 
timing, and risk of bronchopulmonary dysplasia in extremely low birth weight infants.  
Pediatrics 2009;123(3):e430-7. 

10. Doyle LW, Davis PG, Morley CJ, McPhee A, Carlin JB, DART Study Investigators. Outcome 
at 2 years of age of infants from the DART study: a multicenter, international, randomized, 
controlled trial of low-dose dexamethasone. Pediatrics 2007;119(4):716-721. 

11. LeFlore JL, Engle WD. Growth and neurodevelopment in extremely low-birth-weight 
neonates exposed to postnatal steroid therapy. Am J Perinatol 2011;28(8):635-642. 

12. Skidmore MD, Rivers A, Hack M. Increased risk of cerebral palsy among very low-birthweight 
infants with chronic lung disease. Dev Med Child Neurol 1990;32(4):325-332. 

13. Majnemer A, Riley P, Shevell M, Birnbaum R, Greenstone H, Coates AL. Severe 
bronchopulmonary dysplasia increases risk for later neurological and motor sequelae in 
preterm survivors. Dev Med Child Neurol 2000;42(1):53-60. 



10

196

General dIscussIon and future PersPectIVes

14. O’Shea TM, Kothadia JM, Klinepeter KL, et al. Randomized placebo-controlled trial of a 42-day 
tapering course of dexamethasone to reduce the duration of ventilator dependency in very 
low birth weight infants: outcome of study participants at 1-year adjusted age. Pediatrics 
1999;104:15-21. 

15. Einspieler C, Bos AF, Ferrari F, Prechtl HF, editors. Prechtl’s method on the qualitative 
assessment of general movements in preterm, term and young infants. London, UK: McKeith 
Press; 2004. 

16. Einspieler C, Prechtl HF. Prechtl’s assessment of general movements: a diagnostic tool for 
the functional assessment of the young nervous system. Ment Retard Dev Disabil Res Rev 
2005;11(1):61-67. 

17. Noble Y, Boyd R. Neonatal assessments for the preterm infant up to 4 months corrected age: 
a systematic review. Dev Med Child Neurol 2012;54(2):129-139. 

18. Yeh TF, Lin YJ, Lin HC, et al. Outcomes at school age after postnatal dexamethasone therapy 
for lung disease of prematurity. N Engl J Med 2004;350(13):1304-1313. 

19. Ramrakha PS, Moore KP, editors. Oxford Handbook of Acute Medicine. 2nd ed. New York: 
Oxford Universit Press Inc.; 2004. 

20. Ng PC. The effectiveness and side effects of dexamethasone in preterm infants with 
bronchopulmonary dysplasia. Arch Dis Child 1993;68:330-336. 

21. Duksal F, Kilic I, Tufan AC, Akdogan I. Effects of different corticosteroids on the brain weight 
and hippocampal neuronal loss in rats. Brain Res 2009;1250:75-80. 

22. Uno H, Eisele S, Sakai A, et al. Neurotoxicity of glucocorticoids in the primate brain. Horm 
Behav 1994;28(4):336-348. 

23. Noguchi KK, Walls KC, Wozniak DF, Olney JW, Roth KA, Farber NB. Acute neonatal glucocorticoid 
exposure produces selective and rapid cerebellar neural progenitor cell apoptotic death. 
Cell Death Differ 2008;15(10):1582-1592. 

24. Liston C, Gan WB. Glucocorticoids are critical regulators of dendritic spine development and 
plasticity in vivo. Proc Natl Acad Sci U S A 2011;108(38):16074-16079. 

25. Morales-Medina JC, Sanchez F, Flores G, Dumont Y, Quirion R. Morphological reorganization 
after repeated corticosterone administration in the hippocampus, nucleus accumbens and 
amygdala in the rat. J Chem Neuroanat 2009;38(4):266-272. 

26. Silva-Gomez AB, Aguilar-Salgado Y, Reyes-Hernandez DO, Flores G. Dexamethasone induces 
different morphological changes in the dorsal and ventral hippocampus of rats. J Chem 
Neuroanat 2013;47:71-78. 

27. Madl JE, Royer SM. Glutamate in synaptic terminals is reduced by lack of glucose but not 
hypoxia in rat hippocampal slices. Neuroscience 1999;94(2):417-430. 

28. Morsink MC, Steenbergen PJ, Vos JB, Karst H, Joels M, De Kloet ER, et al. Acute activation 
of hippocampal glucocorticoid receptors results in different waves of gene expression 
throughout time. J Neuroendocrinol 2006;18(4):239-252. 

29. Joels M, Krugers HJ, Lucassen PJ, Karst H. Corticosteroid effects on cellular physiology of 
limbic  cells. Brain Res 2009;1293:91-100. 



10

197

General dIscussIon and future PersPectIVes

30. Volpe JJ editor. Neurology of the Newborn. 5th edition ed. Philadelphia: W.B. Saunders 
Company; 2008. 

31. Bhatt AJ, Feng Y, Wang J, Famuyide M, Hersey K. Dexamethasone induces apoptosis of 
progenitor cells in the subventricular zone and dentate gyrus of developing rat brain. J 
Neurosci Res 2013;91(9):1191-1202. 

32. Kravitz DJ, Saleem KS, Baker CI, Mishkin M. A new neural framework for visuospatial processing. 
Nat Rev Neurosci 2011;12(4):217-230. 

33. Atkinson J, Braddick O. Visual and visuocognitive development in children born very 
prematurely. Prog Brain Res 2007;164:123-149. 

34. Braddick O, Atkinson J, Wattam-Bell J. Normal and anomalous development of visual 
motion processing: motion coherence and ‘dorsal-stream vulnerability’. Neuropsychologia 
2003;41(13):1769-1784. 

35. Atkinson J, Braddick O. Visual attention in the first years: typical development and 
developmental disorders. Dev Med Child Neurol 2012;54(7):589-595. 

36. Reeber SL, Otis TS, Sillitoe RV. New roles for the cerebellum in health and disease. Front Syst 
Neurosci 2013;7:83. 

37. Van Braeckel KN, Taylor HG. Visuospatial and visuomotor deficits in preterm children: the 
involvement of cerebellar dysfunctioning. Dev Med Child Neurol 2013;55 Suppl 4:19-22. 

38. Parikh NA, Lasky RE, Kennedy KA, et al. Postnatal dexamethasone therapy and cerebral tissue 
volumes in extremely low birth weight infants. Pediatrics 2007;119(2):265-272. 

39. Tam EW, Chau V, Ferriero DM, et al. Preterm cerebellar growth impairment after postnatal 
exposure to glucocorticoids. Sci Transl Med 2011;3(105):105ra105. 

40. Squire LR. Memory and the hippocampus: a synthesis from findings with rats, monkeys, and 
humans. Psychol Rev 1992;99(2):195-231. 

41. Fernandez G, Weyerts H, Schrader-Bolsche M, et al. Successful verbal encoding into episodic 
memory engages the posterior hippocampus: a parametrically analyzed functional magnetic 
resonance imaging study. J Neurosci 1998;18(5):1841-1847. 

42. Greicius MD, Krasnow B, Boyett-Anderson JM, et al. Regional analysis of hippocampal 
activation during memory encoding and retrieval: fMRI study. Hippocampus 2003;13(1):164-
174. 

43. Anjari M, Counsell SJ, Srinivasan L, et al. The association of lung disease with cerebral white 
matter abnormalities in preterm infants. Pediatrics 2009;124(1):268-276. 

44. Pogribna U, Yu X, Burson K, et al. Perinatal clinical antecedents of white matter microstructural 
bnormalities on diffusion tensor imaging in extremely preterm infants. PLoS One 
2013;8(8):e72974. 

45. Committee on Fetus and Newborn. Postnatal corticosteroids to treat or prevent chronic 
lung disease in preterm infants. Pediatrics 2002;109(2):330-338. 

46. Doyle LW, Davis PG, Morley CJ, McPhee A, Carlin JB, DART Study Investigators. Low-dose 
dexamethasone facilitates extubation among chronically ventilator-dependent infants: a  
multicenter, international, randomized, controlled trial. Pediatrics 2006;117(1):75-83. 



10

198

General dIscussIon and future PersPectIVes

47. Yates HL, Newell SJ. Minidex: very low dose dexamethasone (0.05 mg/kg/day) in chronic 
lung disease. Arch Dis Child Fetal Neonatal Ed 2011;96(3):F190-4. 

48. Stark AR, Carlo WA, Vohr BR, et al. Death or neurodevelopmental impairment at 18 to 22 
months corrected age in a randomized trial of early dexamethasone to prevent death or 
chronic lung disease in extremely low birth weight infants. J Pediatr. 2014;164(1):34-39.e2

49. Onland W, De Jaegere AP, Offringa M, van Kaam AH. Effects of higher versus lower 
dexamethasone doses on pulmonary and neurodevelopmental sequelae in preterm infants 
at risk for chronic lung disease: a meta-analysis. Pediatrics 2008;122(1):92-101. 

50. Almeida OF, Conde GL, Crochemore C, et al. Subtle shifts in the ratio between pro- and 
antiapoptotic molecules after activation of corticosteroid receptors decide neuronal fate. 
FASEB J 2000;14(5):779-790. 

51. Sousa N, Cerqueira JJ, Almeida OF. Corticosteroid receptors and neuroplasticity. Brain Res 
Rev 2008;57(2):561-570. 

52. Huang CC, Lin HR, Liang YC, Hsu KS. Effects of neonatal corticosteroid treatment on 
hippocampal synaptic function. Pediatr Res 2007;62(3):267-270. 

53. Volpe JJ. Brain injury in premature infants: a complex amalgam of destructive and 
developmental disturbances. Lancet Neurol 2009;8(1):110-124. 

54. El Majidi N, Bouchard M, Carrier G. Systematic analysis of the relationship between standardized 
prenatal exposure to polychlorinated biphenyls and mental and motor development during 
follow-up of nine children cohorts. Regul Toxicol Pharmacol 2013;66(1):130-146. 

55. Porterfield SP, Hendry LB. Impact of PCBs on thyroid hormone directed brain development. 
Toxicol Ind Health 1998;14(1-2):103-120. 

56. Kitamura S, Jinno N, Suzuki T, et al. Thyroid hormone-like and estrogenic activity of 
hydroxylated PCBs in cell culture. Toxicology 2005;208(3):377-387. 

57. Purkey HE, Palaninathan SK, Kent KC, et al. Hydroxylated polychlorinated biphenyls selectively 
bind transthyretin in blood and inhibit amyloidogenesis: rationalizing rodent PCB toxicity. 
Chem Biol 2004;11(12):1719-1728. 

58. Schwartz PM, Jacobson SW, Fein G, Jacobson JL, Price HA. Lake Michigan fish consumption 
as a source of polychlorinated biphenyls in human cord serum, maternal serum, and milk. 
Am J Public Health 1983;73(3):293-296. 

59. Fangstrom B, Strid A, Grandjean P, Weihe P, Bergman A. A retrospective study of PBDEs and 
PCBs in human milk from the Faroe Islands. Environ Health 2005;4:12. 

60. Crofton KM. Thyroid disrupting chemicals: mechanisms and mixtures. Int J Androl 
2008;31(2):209-223. 

61. Johnson JL, Duran M. Molybdenum cofactor deficiency and isolated sulfite oxidase 
deficiency. In: Scriver CR, Beaudet AL, Sly WS, Valle D, editors. The metabolic and molecular 
bases of inherited disease. 8th ed. New York, NY: McGraw-Hill; 2001. p. 3163-3177. 

62. Goodman CS, Shatz CJ. Developmental mechanisms that generate precise patterns of 
neuronal connectivity. Cell 1993;72 Suppl:77-98. 

63. Sarnat H editor. Cerebral dysgenesis: Embryology and clinical expression. Oxford: Oxford 
University Press; 1992. 



10

199

General dIscussIon and future PersPectIVes

64. Changeux JP. Variation and selection in neural function. Trends Neurosci 1997;20(7):291-
293. 

65. Katz LC, Shatz CJ. Synaptic activity and the construction of cortical circuits. Science 
1996;274(5290):1133-1138. 

66. Prechtl HF, Einspieler C, Cioni G, Bos AF, Ferrari F, Sontheimer D. An early marker for 
neurological deficits after perinatal brain lesions. Lancet 1997;349(9062):1361-1363. 

67. Ferrari F, Cioni G, Einspieler C, et al. Cramped synchronized general movements in preterm 
infants as an early marker for cerebral palsy. Arch Pediatr Adolesc Med 2002;156(5):460-467. 

68. Bruggink JL, Einspieler C, Butcher PR, Van Braeckel KN, Prechtl HF, Bos AF. The quality of the 
early motor repertoire in preterm infants predicts minor neurologic dysfunction at school 
age. J Pediatr 2008;153(1):32-39. 

69. Butcher PR, van Braeckel K, Bouma A, Einspieler C, Stremmelaar EF, Bos AF. The quality of 
preterm infants’ spontaneous movements: an early indicator of intelligence and behaviour 
at school age. J Child Psychol Psychiatry 2009;50(8):920-930. 

70. Bruggink JL, Van Braeckel KN, Bos AF. The early motor repertoire of children born preterm is 
associated with intelligence at school age. Pediatrics 2010;125(6):e1356-63. 

71. Spittle AJ, Brown NC, Doyle LW, Boyd RN, Hunt RW, Bear M, et al. Quality of general movements 
is related to white matter pathology in very preterm infants. Pediatrics 2008;121(5):e1184-9. 

72. Ferrari F, Todeschini A, Guidotti I, Martinez-Biarge M, Roversi MF, Berardi A, et al. General 
movements in full-term infants with perinatal asphyxia are related to basal ganglia and 
thalamic lesions. J Pediatr 2011;158(6):904-911. 

73. Hadders-Algra M. Putative neural substrate of normal and abnormal general movements. 
Neurosci Biobehav Rev 2007;31(8):1181-1190. 

74. Brogna C, Romeo DM, Cervesi C, et al. Prognostic value of the qualitative assessments of 
general movements in late-preterm infants. Early Hum Dev 2013;89(12):1063-1066. 

75. Hitzert MM, Roze E, Van Braeckel KN, Bos AF. Motor development in 3-month-old healthy 
term-born infants is associated with cognitive and behavioural outcomes at early school 
age. Dev Med Child Neurol 2014;56(9):869-76. 

76. Bruggink JL, Einspieler C, Butcher PR, Stremmelaar EF, Prechtl HF, Bos AF. Quantitative 
aspects of the early motor repertoire in preterm infants: do they predict minor neurological 
dysfunction at school age? Early Hum Dev 2009;85(1):25-36. 

77. Hadders-Algra M, Prechtl HF. Developmental course of general movements in early infancy. 
I. Descriptive analysis of change in form. Early Hum Dev 1992;28(3):201-213. 

78. Butterworth G editor. On U-shaped and other transitions in sensorimotor development. 
In: Transition mechanisms in child development. Cambridge: Cambridge University Press; 
1990. 

79. Takaya R, Yukuo K, Bos AF, Einspieler C. Preterm to early postterm changes in the development 
of hand-mouth contact and other motor patterns. Early Hum Dev 2003;75 Suppl:S193-202. 

80. Hadders-Algra M. The neuronal group selection theory: a framework to explain variation in 
normal motor development. Dev Med Child Neurol 2000;42(8):566-572. 



10

200

General dIscussIon and future PersPectIVes

81. Tong S, Baghurst P, Vimpani G, McMichael A. Socioeconomic position, maternal IQ, home 
environment, and cognitive development. J Pediatr 2007;151(3):284-8. 

82. Lewis M, Brooks-Gunn J. Visual attention at three months as a predictor of cognitive 
functioning at two years of age. Intelligence 1981;5:131-140. 

83. Atkinson J, Braddick O, editors. Linked brain development for vision, visual attention, and 
visual cognition in typical development and in developmental disorders. In: Brain Lesion 
Localization and Developmental Functions. Montrouge, France: John Libbey Eurotext; 
2011. 

84. Wassenberg R, Feron FJ, Kessels AG, et al. Relation between cognitive and motor performance 
in 5- to 6-year-old children: results from a large-scale cross-sectional study. Child Dev 
2005;76(5):1092-1103. 

85. Roebers CM, Kauer M. Motor and cognitive control in a normative sample of 7-year-olds. 
Dev Sci 2009;12(1):175-181. 

86. Murray GK, Veijola J, Moilanen K, et al. Infant motor development is associated with adult 
cognitive categorisation in a longitudinal birth cohort study. J Child Psychol Psychiatry 
2006;47(1):25-29. 

87. Murray GK, Jones PB, Kuh D, Richards M. Infant developmental milestones and subsequent 
cognitive function. Ann Neurol 2007;62(2):128-136. 

88. Piek JP, Dawson L, Smith LM, Gasson N. The role of early fine and gross motor development 
on later motor and cognitive ability. Hum Mov Sci 2008;27(5):668-681. 

89. Gesell A, Thompson HA, editors. Infant behaviour: its genesis and growth. New York, NY: 
McGraw-Hill; 1934. 

90. Piaget J, Inhelder B, editors. La psychology de l’enfant [the psychology of the child]. Paris, 
France: Presses Universitaires de France; 1966. 

91. Thelen E, Smith LB, editors. Dynamic system theories. In W. Damon & R.M. Lerner (Eds.), 
Handbook of child psychology. Theoretical models of human development. New York: 
Wiley; 1998. 

92. Diamond A. Close interrelation of motor development and cognitive development and of 
the cerebellum and prefrontal cortex. Child Dev 2000;71(1):44-56. 

93. Allendoerfer KL, Shatz CJ. The subplate, a transient neocortical structure: its role in the 
development of connections between thalamus and cortex. Annu Rev Neurosci 1994;17:185-
218. 

94. Krmpotic-Nemanic J, Kostovic I, Bogdanovic N, Fucic A, Judas M. Cytoarchitectonic parameters 
of developmental capacity of the human associative auditory cortex during postnatal life. 
Acta Otolaryngol 1988;105(5-6):463-466. 

95. Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally segregated circuits 
linking basal ganglia and cortex. Annu Rev Neurosci 1986;9:357-381. 

96. Cummings JL. Anatomic and behavioral aspects of frontal-subcortical circuits. Ann N Y Acad 
Sci 1995;769:1-13. 

97. Rakic P, Bourgeois JP, Eckenhoff MF, Zecevic N, Goldman-Rakic PS. Concurrent overproduction 
of synapses in diverse regions of the primate cerebral cortex. Science 1986;232(4747):232-



10

201

General dIscussIon and future PersPectIVes

235. 
98. Amiel-Tison C, Cabrol D, Denver R, Jarreau PH, Papiernik E, Piazza PV. Fetal adaptation to stress. 

Part I: acceleration of fetal maturation and earlier birth triggered by placental insufficiency in 
humans. Early Hum Dev 2004;78(1):15-27. 

99. Ball G, Srinivasan L, Aljabar P, et al. Development of cortical microstructure in the preterm 
human brain. Proc Natl Acad Sci U S A 2013;110(23):9541-9546. 

100. Dean JM, Bennet L, Back SA, McClendon E, Riddle A, Gunn AJ. What brakes the preterm 
brain? An arresting story. Pediatr Res 2014;75(1-2):227-233. 

101. Abraham H, Veszpremi B, Gomori E, Kovacs K, Kravjak A, Seress L. Unaltered development 
of the archi- and neocortex in prematurely born infants: genetic control dominates in 
proliferation, differentiation and maturation of cortical neurons. Prog Brain Res 2007;164:3-
22. 

102. Prechtl HF, Cioni G, Einspieler C, Bos AF, Ferrari F. Role of vision on early motor development: 
lessons from the blind. Dev Med Child Neurol 2001;43(3):198-201. 

103. Thelen E. Rhythmical stereotypies in normal human infants. Anim Behav 1979;27(Pt 3):699-
715. 

104. Hunnius S, Geuze RH, Zweens MJ, Bos AF. Effects of preterm experience on the developing 
visual system: a longitudinal study of shifts of attention and gaze in early infancy. Dev 
Neuropsychol 2008;33(4):521-535. 

105. Als H editor. The preterm infant: a model for the study of fetal brain expectation. In: Fetal 
Development: A Psychobiological Perspective. Ecanuet, J.P; Fifer, W.P; Krasnegor, N.A; 
Smotherman, W.P. (Eds.). NJ: Erlbaum Hillsdale; 1995. 

106. Chanez C, Flexor MA, Hamon M. Long lasting effects of intrauterine growth retardation on 
basal and 5-HT-stimulated Na(+)/K(+)-ATPase in the brain of developing rats. Neurochem Int 
1985;7(2):319-329. 

107. Rothman KJ. No adjustments are needed for multiple comparisons. Epidemiology 
1990;1(1):43-46. 

108. De Vries LS, Van Haastert IL, Rademaker KJ, Koopman C, Groenendaal F. Ultrasound 
abnormalities preceding cerebral palsy in high-risk preterm infants. J Pediatr 2004;144(6):815-
820. 

109. Leijser LM, de Bruine FT, Steggerda SJ, van der Grond J, Walther FJ, van Wezel-Meijler G. 
Brain imaging findings in very preterm infants throughout the neonatal period: part I. 
Incidences and volution of lesions, comparison between ultrasound and MRI. Early Hum 
Dev 2009;85(2):101-109. 

110. Berghuis SA, Soechitram SD, Hitzert MM, Sauer PJ, Bos AF. Prenatal exposure to polychlorinated 
biphenyls and their hydroxylated metabolites is associated with motor development of 
three-month-old infants. Neurotoxicology 2013;38:124-130. 

111. Toft G, Hagmar L, Giwercman A, Bonde JP. Epidemiological evidence on reproductive effects 
of persistent organochlorines in humans. Reprod Toxicol 2004;19(1):5-26. 



10

202

General dIscussIon and future PersPectIVes

112. Gadhia MM, Cutter GR, Abman SH, Kinsella JP. Effects of early inhaled nitric oxide therapy 
and vitamin A supplementation on the risk for bronchopulmonary dysplasia in premature 
newborns with respiratory failure. J Pediatr 2014;164(4):744-748. 

113. Vosdoganes P, Lim R, Moss TJ, Wallace EM. Cell therapy: a novel treatment approach for 
bronchopulmonary dysplasia. Pediatrics 2012;130(4):727-737. 

114. Chang YS, Ahn SY, Yoo HS, Sung SI, Choi SJ, Oh WI, et al. Mesenchymal stem cells for 
bronchopulmonary dysplasia: phase 1 dose-escalation clinical trial. J Pediatr 2014;164(5):966-
972.e6. 



10

203

General dIscussIon and future PersPectIVes



204

11



205

CHAPTER  11

11
summARy in EnGlisH

sAmEnvATTinG in HET nEdERlAnds

AbbREviATions

dAnkwooRd

AbouT THE AuTHoR

lisT of PubliCATions 





11

207

suMMary In enGlIsh

The main focus of this thesis is the development of motor behavior and visual attention in very 
young infants until six months of age. The aims of the research reported on here were threefold. 
The first aim was to determine early motor development and the long-term neurodevelopmental 
outcomes of infants treated with postnatal corticosteroids. The second aim was to investigate 
early motor development in various groups at risk of abnormal neurological development. 
The third aim was to explore the interrelation between early motor development, early visual 
attention, and neurodevelopmental outcomes up to school age in preterm-born and healthy 
fullterm-born children. 

In Part I we present our studies on early motor development and long-term neurodevelopmental 
outcomes of preterm infants treated with postnatal corticosteroids. Postnatal corticosteroids 
are widely used to treat preterm infants at risk of bronchopulmonary dysplasia (BPD). Concern 
has been raised about the potential adverse neurodevelopmental effects of corticosteroids, in 
particular of high doses of dexamethasone (DXM). A reliable, non-invasive method to evaluate 
the brain function of young infants is to assess the quality of their spontaneous general 
movements (GMs). 
 In chapter 2 we present our investigation on the effect of hydrocortisone (HC) and high-
dose DXM therapy on neurological functioning in preterm infants at risk of BPD. We assessed 
the quality of GMs from video recordings before, during, and after treatment until three months 
postterm. In seventeen preterm infants who were treated with high doses of DXM (starting 
dose 0.5 mg/kg/day) the motor optimality score (MOS) decreased considerably on the first 
day following treatment. In addition, MOSs at three months postterm were lower compared to 
infants treated with HC. These findings suggest that treatment with high doses of DXM in the 
early neonatal period leads to poorer neurological functioning at three months postterm than 
treatment with HC. 
 In chapter 3 we explore the effect of low-dose DXM on the quality of GMs until three 
months postterm. In our prospective cohort we included preterm infants at risk of developing 
BPD and treated with low doses of DXM (0.25 mg/kg/day). Two out of seventeen infants (12%) 
died of end-stage BPD. In the surviving infants the quality of GMs improved over time with all 
but one infant having a normal neurodevelopment at twelve to thirty-six months of age. This 
one infant developed mildly abnormal. When comparing our findings to the previous cohort, 
infants treated with low doses of DXM had higher MOSs at three months than infants treated 
with high-dose DXM and they had similar MOSs to HC-treated infants, even after we controlled 
for potential confounders including BPD, cerebral abnormalities, and postnatal days of starting 
treatment. 
 In chapter 4, we establish the functional outcome at school age, i.e. motor, cognitive, and 
behavioral outcomes, of preterm-born children who were treated with high-dose DXM as 
neonates. Nine out of seventy-seven infants (12%) died. Ten infants (20%) out of the final study 
group of sixty-six infants developed cerebral palsy (CP). Compared to a norm population, DXM-
treated children more often performed borderline or abnormal on multiple functional domains, 
except for auditory-verbal memory and verbal recognition memory. Risk factors of adverse 
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outcomes in DXM-treated children included the presence of BPD, cerebral pathology, longer 
mechanical ventilation, longer treatment duration, higher cumulative DXM-doses, later start, 
and smaller head circumference at follow-up. 
 Taken together, the results presented in Part I demonstrate that in comparison to untreated 
infants high-dose DXM led to poorer neurological functioning at the age of three months 
postterm and to impaired functional outcomes at school age affecting multiple domains. 
Possible mechanisms for the adverse neurodevelopment after high-dose DXM included 
metabolic changes, altered gene transcription, decreased synaptic connectivity, and ultimately, 
neuronal apoptosis in the dorsal visual stream, hippocampus, and cerebellum. By contrast, 
surviving infants treated with lower doses of DXM showed improvement of GM quality with the 
majority having a normal neurodevelopment. Our findings suggest that a tapering course of 
DXM in starting doses of 0.25 mg/kg/day might be considered a safer treatment option than a 
tapering course of high-dose DXM in infants at risk of developing BPD. 

In Part II we evaluate the early motor development in various groups at risk of abnormal 
neurological development. Several perinatal risk factors might pose a threat to the developing 
brain of young infants. Prenatally, exposure to toxic substances such as environmental pollutants 
and inborn errors of metabolism might have a detrimental impact on cognitive and motor 
development. 
 In chapter 5 we present our study on the impact of prenatal background exposure 
to polychlorinated biphenyls (PCBs) and their hydroxylated metabolites on early motor 
development. In this observational cohort study we included ninety-seven mother-infant pairs 
of whom umbilical cord blood samples were taken immediately after birth. These blood sample 
were analyzed for the concentrations of several PCBs and their hydroxylated metabolites. When 
the infants were three months old we evaluated their motor development by assessing the 
presence and performance of spontaneous movement patterns from video recordings. We found 
that high levels of most PCBs and high levels of OH-PCBC-107 were associated with a reduction 
in infants’ movement repertoires, whereas high levels of several other OH-PCBs tended to be 
associated with age-adequate movement repertoires. Higher levels of PCB-118 were associated 
with characteristic cramped movements. Overall, our findings indicate that prenatal exposure 
to OH-PCBs might be less neurotoxic than prenatal exposure to PCBs. A possible mechanism 
by which prenatal exposure to several PCBs adversely affects neurodevelopment involves 
disruption of thyroid hormone homeostasis. 
 In chapter 6, we describe the neurodevelopmental outcome of an infant with molybdenum 
cofactor deficiency (MoCD) type A. This infants was treated experimentally with cyclic 
pyranopterin monophosphate (cPMP). Because our patient had been diagnosed prenatally, it 
was possible to start treatment within four hours after birth. We demonstrated that the quality 
of the infant’s GMs improved rapidly, from cramped movements before treatment commenced 
to normal quality GMs on day 6. They remained normal up to the last recording at three months 
postterm. At the corrected age of 21 months, our patient had developed normally with only 
a mild delay in cognitive functioning. Our findings suggest that cPMP might be a promising 
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treatment strategy for infants diagnosed with MoCD type A, especially if treatment is started soon 
after birth. Moreover, in patients at risk of neurological abnormalities, the qualitative assessment 
of GMs contributes towards recognizing early signs of neurodevelopmental impairment and 
may serve as a guidance for early treatment. 
 
In Part III we aim at exploring the interrelationship between early motor development, early visual 
attention, and functional outcomes up to school age in preterm-born and healthy fullterm-born 
children. Activity-dependent processes that drive brain development in the earliest years of life 
include the acquisition of a variety of motor abilities and exploring the surroundings visually. 
During the first half year of life these behaviors are subject to considerable developmental 
change. In preterm infants, early brain development may be influenced by their earlier, and 
therefore additional, extrauterine exposure to the visual world in comparison to their fullterm 
peers. 
 In the longitudinal study we present in chapter 7 we analyzed whether individual 
developmental trajectories of movement variety (number of different movement patterns) 
and visual attention (frequencies and latencies of looks to a peripheral stimulus) during the first 
six months postterm were associated. Shared underlying neural substrates are considered to 
involve anatomically segregated basal ganglia-thalamo-cortical circuits. Despite their anatomical 
segregation within the neurological structures comprising the circuit, synaptogenesis in 
these neurological substrates follows synchronous patterns. Therefore, we hypothesized that 
maturational changes in movement variety and visual attention are coupled at an individual 
level. Our analyses, based on twenty fullterm and nine low-risk preterm infants, revealed that 
movement variety and visual attention were not coupled but developed independently, 
arguing against a synchronous emergence of functional behaviors related to these subcortical-
cortical circuits. Preterm exposure to the extrauterine environment led to temporary shorter 
latencies of looks but did not affect developmental trajectories of movement variety, suggesting 
that only visual attention processes might be accelerated due to the additional extrauterine 
exposure while movement variety in the first postnatal months is based mainly on endogenous 
maturational processes. 
 In chapter 8, we report on the predictive value of early motor development for motor, 
cognitive, and behavioral outcomes at school age in a cohort of seventy-four healthy fullterm-
born children. Each video recording (median age 14 weeks; range 9−19) was analyzed on the 
following aspects of early motor development: quality of fidgety movements (FMs), age-adequacy 
of concurrent movements, normality of movement patterns, normality of postural patterns, 
and quality of the concurrent motor repertoire. Since only two infants had abnormal FMs and 
only one infant had abnormal movement patterns, we excluded these two subcategories from 
the analysis. We demonstrated that children with an age-adequate motor repertoire around 
three months postterm had lower IQ scores, and poorer selective attention and visual-motor 
integration at six years than children with a reduced motor repertoire. Detailed patterns that 
were associated with better visual-spatial perception and less behavioral problems included the 
presence of variable finger postures and the absence of a monotonous concurrent repertoire, 
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respectively. Thus, detailed qualitative markers of early motor development may reflect those 
neural systems that underlie higher cognitive functioning and that have already gained their 
permanent brain architecture around three months or remained more or less stable over time. 
 Finally, chapter 9 deals with the question whether the longitudinal development of visual 
attention (frequencies and latencies of looks) during the first six months were associated with 
motor, cognitive, and behavioral outcomes at school age. In addition, we examined whether 
predictive relations differed between fullterms and preterms. In this study seventeen fullterm 
and ten low-risk preterm infants were tested in a gaze shifting task at four-weeks intervals until 
six months postterm. The longitudinal data were converted into single continuous variables 
reflecting the speed with which the infant reached adult levels of visual attention. We then 
related visual attention measures with functional outcomes obtained at ten to eleven years. 
Children who were slower to attain adult visual attention abilities in the first six months had 
poorer performance on handwriting, motor skills (in particular balance), and attention (in 
particular inhibition), independent of birth status. In preterms, slower development of visual 
attention tended to be associated with better reading comprehension, whereas in fullterms it 
was associated with poorer reading comprehension. We concluded from this study that slower 
development towards adult levels of visual attention predicted specific domains at school age. 
Our data indicated no clear advantage or disadvantage of the extra visual exposure in preterm 
infants. We speculate that the additional visual exposure seems not to have interfered with the 
ongoing development of related neuronal networks involved in later motor, cognitive, and 
behavioral outcomes. 

Taken together, the results presented here provide insight into the effects of several risk factors 
in the prenatal and early postnatal period for early motor development. In addition, it sheds light 
on the complex interrelations between early motor development, early visual attention, and 
functional outcomes at school age. 
 The findings in this thesis allow for a role for the detailed assessment of the early motor 
development, including GM quality, in recognizing early signs of impaired neurodevelopment, 
monitoring treatment efficiency in infants at risk of neurological impairment, and in predicting 
functional outcomes at school age. In so doing it might guide the development of strategies 
to reduce adverse neurodevelopmental outcomes. Additionally, our findings add to the scarce 
literature that early visual attention might predict functional outcomes at school age, and as such 
might assist in identifying infants who might develop difficulties later on. The pathophysiological 
mechanisms underlying the longitudinal associations between early motor development and 
early visual attention on the one hand and functional outcomes on the other are complex 
and probably involve neural networks that are engaged in several motor, neurocognitive, and 
behavioral functions in later life and have already gained their permanent brain architecture 
around three months or remained more or less stable over time.  
 The different parts of this thesis raise many questions in need of further investigation. 
We provided some recommendations for future studies. Based on the promising results of 
low doses of DXM (chapter 3), we advocate that randomized controlled trials without open-
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label use of DXM should be performed to investigate long-term respiratory outcome and to 
investigate whether the favorable neurological outcome persists up to school age and beyond. 
In addition, longitudinal studies that focus on early behavioral measures, preferably with larger 
samples and in combination with neuroimaging data, are needed to expand our knowledge 
on how developmental changes in behavioral functions, such as early motor development and 
visual attention, relate to developmental changes in the brain throughout infancy. An increased 
understanding about the neurological basis of early behaviors might provide clues for early 
interventions aiming to improve neurological and functional outcomes in children. 
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De focus van dit proefschrift is de ontwikkeling van de motoriek en de visuele aandacht in jonge 
kinderen tot de leeftijd van 6 maanden. Het doel van dit proefschrift was drieledig. Het eerste 
doel was het vaststellen van de vroege motorische ontwikkeling en de neurologische uitkomsten 
op de lange termijn van kinderen die na de geboorte zijn behandeld met corticosteroïden. Het 
tweede doel was het onderzoeken van de vroege motorische ontwikkeling in diverse groepen 
kinderen met een verhoogd risico op een afwijkende neurologische ontwikkeling. Het derde 
doel was het bepalen van de onderlinge verbanden tussen de vroege motorische ontwikkeling, 
vroege visuele aandacht en functionele uitkomst op schoolleeftijd in een groep preterm geboren 
kinderen en een groep gezonde, à term geboren kinderen. 

In Deel 1 van dit proefschrift hebben we de vroege motorische ontwikkeling en de neurologische 
uitkomsten op lange termijn onderzocht van pasgeborenen die na de geboorte behandeld zijn 
met corticosteroïden. Corticosteroïden worden wereldwijd gebruikt voor de behandeling of 
preventie van bronchopulmonale dysplasie (BPD). In de afgelopen jaren zijn er zorgen geuit 
over  potentiële schadelijke neurologische bijwerkingen van corticosteroïden, in het bijzonder 
na het gebruik van hoge doseringen van dexamethason (DXM). Een betrouwbare, non-invasieve 
methode om het functioneren van het brein al op vroege leeftijd te evalueren, is het bepalen 
van de kwaliteit van de general movements (GMs).
 In hoofdstuk 2 hebben we in een groep kinderen met een verhoogd risico op de 
ontwikkeling van BPD het effect onderzocht van hydrocortison (HC) en hoge doseringen DXM 
op de neurologische ontwikkeling. Hiervoor hebben we video-opnames gemaakt voorafgaand 
aan de start van behandeling, tijdens behandeling en na behandeling tot aan 3 maanden 
postterm. Deze video-opnames hebben we vervolgens beoordeeld op de kwaliteit van GMs. In 
de groep van 17 preterm geboren kinderen die behandeld waren met hoge doseringen DXM 
(startdosering 0.5 mg/kg/dag) zagen wij een sterke daling van de motor optimaliteitsscore (MOS) 
op de eerste dag na starten van behandeling. Verder was de MOS op de leeftijd van 3 maanden 
postterm lager dan in de groep kinderen behandeld met HC. Deze bevindingen suggereren dat 
behandeling met hoge doseringen DXM in de vroege neonatale periode leidt tot een slechter 
neurologisch functioneren op de leeftijd van 3 maanden postterm dan behandeling met HC. 
 In hoofdstuk 3 hebben we het effect van lagere doseringen DXM op de kwaliteit van GMs 
onderzocht. In ons prospectieve cohort includeerden wij preterm geboren kinderen met een 
verhoogd risico op BPD die behandeld werden met lage doseringen DXM (startdosering 0.25 
mg/kg/dag). Van de 17 kinderen zijn er 2 (12%) overleden aan ernstige BPD. Van de overlevende 
kinderen verbeterde de kwaliteit van GMs aanzienlijk na verloop van tijd waarbij alle kinderen 
een normale neurologische ontwikkeling lieten zien op de leeftijd van 12 tot 36 maanden met 
uitzondering van één kind dat een mild afwijkende neurologische ontwikkeling had. Indien we 
onze bevindingen vergelijken met de bevindingen uit ons vorige cohort, valt op dat kinderen 
die behandeld zijn met lagere doseringen DXM een hogere MOS op de leeftijd van 3 maanden 
postterm hebben dan kinderen behandeld met hogere doseringen DXM,  en dat zij een gelijke 
MOS hebben als de kinderen behandeld met HC. Deze resultaten bleven significant na correctie 
voor  BPD, hersenafwijkingen en postnatale dag waarop behandeling is gestart. 
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 In hoofdstuk 4 hebben we de functionele uitkomst op schoolleeftijd onderzocht van 
preterm geboren kinderen die als neonaat behandeld waren met hoge doseringen DXM. 
Van de 77 kinderen zijn er 9 (12%) overleden. Van de uiteindelijke studiegroep (66 kinderen), 
ontwikkelden 10 (20%) cerebrale parese. Vergeleken met een normpopulatie scoorden de 
met DXM behandelde kinderen vaker borderline of abnormaal op meerdere functionele 
domeinen, met uitzondering van auditief-verbaal geheugen. Risicofactoren voor een slechtere 
uitkomst waren de aanwezigheid van BPD, hersenafwijkingen, langere beademingsduur en 
behandelingsduur, hogere cumulatieve doseringen van DXM, later starten van de behandeling 
en kleinere hoofdomtrek bij follow-up. 
 De resultaten in dit deel van het proefschrift tonen aan dat behandeling met hoge 
doseringen DXM tot zowel een slechter neurologisch functioneren op de leeftijd van 3 
maanden postterm leidt als tot meer functionele beperkingen op schoolleeftijd op meerdere 
domeinen in vergelijking met onbehandelde kinderen. Mogelijke onderliggende mechanismen 
voor de schadelijke neurologische effecten na behandeling met hoge doseringen DXM zijn 
metabole veranderingen, veranderde gentranscriptie, verminderde synaptische connectiviteit 
en uiteindelijk neuronale apoptose in dorsale visuele banen, hippocampus en cerebellum op 
schoolleeftijd. Overlevende kinderen die behandeld waren met lagere doseringen DXM lieten 
juist een verbetering zien in de kwaliteit van GMs waarbij het merendeel van de kinderen 
zich normaal ontwikkelde. Onze bevindingen suggereren dat bij kinderen met een verhoogd 
risico op BPD behandeling met een DXM afbouwschema beginnend met lage startdoseringen 
van 0.25 mg/kg/dag kan worden beschouwd als een veiligere behandelingsoptie dan een 
afbouwschema met hoge doseringen DXM. 

In Deel 2 van dit proefschrift hebben wij de vroege motorische ontwikkeling van diverse 
groepen kinderen met een verhoogd risico op een afwijkende neurologische ontwikkeling 
onderzocht. Verschillende perinatale risicofactoren vormen een bedreiging voor de zich 
ontwikkelende hersenen van jonge kinderen. Prenatale blootstelling aan giftige stoffen, zoals 
milieuverontreinigende stoffen, en aangeboren metabole ziekten kunnen schadelijk effecten 
bewerkstelligen op de cognitieve en motorische ontwikkeling. 
 In hoofdstuk 5 zijn we de impact nagegaan van prenatale blootstelling aan polychloorbifenylen 
en hun gehydroxyleerde metabolieten op de vroege motorische ontwikkeling. In dit observationele 
cohortonderzoek hebben we 97 moeder-kind paren geïncludeerd van wie direct na de bevalling 
bloedmonsters van de navelstreng werden afgenomen. Deze bloedmonsters werden vervolgens 
geanalyseerd op concentraties van diverse PCB’s en hun gehydroxyleerde metabolieten. Op de 
leeftijd van 3 maanden werd de motorische ontwikkeling van de kinderen geëvalueerd door het 
beoordelen van de aanwezigheid en de kwaliteit van spontane bewegingspatronen op basis van 
video-opnames. Wij vonden dat hoge concentraties van de meeste PCB’s en hoge concentraties 
van OH-PCBC-107 geassocieerd waren met een niet-leeftijdsadequaat bewegingsrepertoire en 
dat hoge concentraties van verschillende andere OH-PCB’s overwegend geassocieerd waren 
met een leeftijdsadequaat bewegingsrepertoire. De aanwezigheid van hogere concentraties 
van PCB-118 was geassocieerd met een ‘cramped’ karakter van de bewegingen. Samengevat 
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suggereren onze bevindingen dat prenatale blootstelling aan OH-PCB’s wellicht minder 
neurotoxisch is dan prenatale blootstelling aan PCB’s. Mogelijk speelt hierin verstoring van de 
schildklierhormoon homeostase een rol. 
 In hoofdstuk 6 beschrijven we de neurologische uitkomst van een kind met molybdeen 
cofactor deficiëntie (MoCD) type A dat experimenteel werd behandeld met cyclische 
pyranopterin monofosfaat (cPMP). Omdat onze patiënt prenataal gediagnosticeerd was, 
konden wij reeds binnen 4 uur na de geboorte starten met behandeling. Wij toonden aan dat 
de kwaliteit van de GMs snel verbeterde: het ‘cramped’ karakter vóór behandeling veranderde in 
een normale kwaliteit op dag 6 na behandeling. De kwaliteit van de bewegingen bleef daarna 
normaal tot aan de laatste opname op de leeftijd van 3 maanden postterm. Op de gecorrigeerde 
leeftijd van 21 maanden had onze patiënt een normale neurologische ontwikkeling met 
slechts een milde cognitieve achterstand ten opzichte van leeftijdsgenoten. Onze bevindingen 
suggereren dat behandeling met cPMP een veelbelovende behandelingsstrategie is bij kinderen 
gediagnosticeerd met MoCD type A, met name indien kort na de geboorte begonnen wordt 
met cPMP toediening. Op basis van onze bevindingen concluderen wij dat bij patiënten met een 
verhoogd risico op neurologische afwijkingen, de kwalitatieve beoordeling van GMs bijdraagt 
aan het herkennen van vroege tekenen van neurologische afwijkingen en tevens als leidraad 
kan dienen voor het starten van vroegtijdige behandeling. 

Deel 3 van dit proefschrift richt zich op onderlinge relaties tussen de vroege ontwikkeling van 
de motoriek, de vroege visuele aandacht en functionele uitkomsten op schoolleeftijd in een 
groep preterm geboren kinderen en een groep gezonde, à term geboren kinderen. In de vroege 
kinderjaren berust de ontwikkeling van de hersenen grotendeels op activiteitsafhankelijke 
processen zoals het verwerven van verschillende motorische vaardigheden en visuele verkenning 
van de omgeving. Tijdens het eerste half jaar ondergaan deze gedragingen aanzienlijke 
veranderingen. Bij preterm geboren kinderen kan de vroege ontwikkeling van de hersenen 
worden beïnvloed door de eerdere extra-uteriene blootstelling aan de omgeving vergeleken 
met à term geboren kinderen. 
 In de longitudinale studie van hoofdstuk 7 hebben wij geanalyseerd of individuele 
ontwikkelingstrajecten van bewegingsvariatie (aantal verschillende bewegingspatronen) en 
visuele aandacht (frequenties en reactietijden van blikverschuivingen naar een perifere stimulus) 
tijdens de eerste 6 maanden postterm waren geassocieerd. De basale ganglia-thalamo-corticale 
banen worden beschouwd als onderliggend neuraal substraat voor zowel bewegingsvariatie 
als visuele aandacht. Binnen deze neurale banen vindt een anatomische scheiding plaats van 
gebieden die betrokken zijn bij bewegingsvariatie en van gebieden die betrokken zijn bij visuele 
aandacht. De synaptogenese in de verschillende structuren van de basale ganglia-thalamo-
corticale banen verloopt echter synchroon. Daarom was onze hypothese dat binnen ieder kind 
ontwikkelingsveranderingen in bewegingsvariatie en visuele aandacht gekoppeld zijn. Uit onze 
analyses van 20 à term geboren kinderen en 9 laag-risico preterm geboren kinderen, bleek echter 
dat de ontwikkeling van bewegingsvariatie en visuele aandacht niet gekoppeld was maar juist 
ieder een eigen ontwikkelingsbeloop vertoonde. Dit pleit tegen een synchrone ontwikkeling van 
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basale ganglia-thalamo-corticale banen betrokken bij bewegingsvariatie en visuele aandacht. 
Preterm geboren kinderen die eerder waren blootgesteld aan de extra-uteriene omgeving 
hadden tijdelijk snellere reactietijden. De ontwikkelingstrajecten van bewegingsvariatie 
verschilden niet tussen preterm en à term geboren kinderen. Deze bevindingen suggereren dat 
visuele aandachtsprocessen mogelijk versneld plaatsvinden als gevolg van de extra blootstelling 
aan de extra-uteriene omgeving terwijl bewegingsvariatie in de eerste paar maanden na de 
geboorte niet zozeer afhankelijk is van de duur van blootstelling aan de extra-uteriene omgeving 
maar hoofdzakelijk bepaald wordt door endogene ontwikkelingsprocessen.
 In hoofdstuk 8 hebben we onderzocht wat de voorspellende waarde is van de vroege 
motorische ontwikkeling voor motoriek, cognitie en gedrag op schoolleeftijd in een cohort van 
74 gezonde, à term geboren kinderen. Elke video-opname (mediane leeftijd 14 weken; range 
9−19) werd geanalyseerd op de volgende aspecten: kwaliteit van fidgety bewegingen (FMs), 
leeftijdsadequaatheid van het bewegingsrepertoire, normaliteit van de bewegingspatronen, 
normaliteit van de houdingspatronen en kwaliteit van het overige bewegingsrepertoire. 
Aangezien slechts 2 kinderen een abnormale kwaliteit van FMs hadden en er slechts 1 kind was 
met abnormale bewegingspatronen excludeerden wij deze 2 subcategorieën van de verdere 
analyses. Kinderen met een leeftijdsadequaat bewegingsrepertoire op de leeftijd van 3 maanden 
postterm hadden lagere IQ scores en slechtere selectieve aandacht en visuomotorische 
integratie op 6-jarige leeftijd vergeleken met kinderen met een niet-leeftijdsadequaat 
bewegingsrepertoire. Gedetailleerde bewegingen die geassocieerd waren met betere visueel-
ruimtelijke waarneming en minder gedragsproblemen waren respectievelijk de aanwezigheid 
van variabele vingerbewegingen en het ontbreken van een monotoon bewegingsrepertoire. 
Hieruit concluderen wij dat bepaalde kwalitatieve aspecten van de vroege motorische 
ontwikkeling mogelijk de kwaliteit van neurale netwerken weerspiegelen die ten grondslag 
liggen aan hogere cognitieve functies én die reeds hun permanente breinstructuur hebben 
bereikt rond 3 maanden postterm of in ieder geval min of meer stabiel bleven tot aan 6-jarige 
leeftijd.  
 Tenslotte hebben we in hoofdstuk 9 onderzocht of de longitudinale ontwikkeling van 
visuele aandacht (frequenties en reactietijden van blikverschuivingen) in de eerste 6 maanden 
geassocieerd was met de motorische, cognitieve en gedragsontwikkeling op schoolleeftijd. 
Daarnaast hebben we geanalyseerd of de voorspellende waarde van visuele aandacht voor 
later functioneren verschilde tussen de preterm en de à term geboren kinderen. In deze studie 
werden 17 à term geboren kinderen  en 10 preterm geboren kinderen geïncludeerd waarbij zij 
om de 4 weken tot aan de leeftijd van 6 maanden een visuele aandachtstest ondergingen. De 
longitudinale gegevens werden omgezet in één continue variabele. Deze variabele representeert 
de snelheid waarmee het kind volwassen waarden van visuele aandacht bereikt. Vervolgens 
hebben we deze visuele aandachtsmaten gerelateerd aan functionele uitkomsten op de 
leeftijd van 10 tot 11 jaar. Kinderen die langzamer volwassen waarden van visuele aandacht 
bereikten in de eerste 6 maanden presteerden slechter op de domeinen handschrift, motorische 
vaardigheden (met name evenwicht) en aandacht (met name inhibitie), ongeacht of het kind à 
term geboren of preterm geboren was. Er was een trend te zien dat in de groep pretermen een 
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langzamere ontwikkeling van visuele aandacht geassocieerd was met betere scores op de Cito 
toets begrijpend lezen terwijl in de à terme groep een langzamere ontwikkeling geassocieerd 
was met slechtere scores. Concluderend vonden wij dat een langzamere ontwikkeling naar 
volwassen waarden van visuele aandacht specifieke domeinen op schoolleeftijd voorspelde 
en dat preterm geboren kinderen geen duidelijk voor- of nadeel ondervonden van hun extra 
blootstelling aan de extra-uteriene omgeving. Op basis van deze resultaten speculeren wij dat 
de extra blootstelling aan de extra-uteriene omgeving niet interfereert met de ontwikkeling 
van verwante neurale netwerken die betrokken zijn bij latere motorische, cognitieve en 
gedragsontwikkeling. 

De verschillende studies beschreven in dit proefschrift geven inzicht in het effect van bepaalde 
risicofactoren in de prenatale en de vroege postnatale periode op de vroege motorische 
ontwikkeling. Bovendien draagt dit proefschrift bij aan het beter begrijpen van de complexe 
onderlinge relaties tussen de vroege ontwikkeling van motoriek, vroege visuele aandacht en 
functionele uitkomsten op schoolleeftijd.
 De bevindingen in dit proefschrift tonen aan dat gedetailleerde beoordeling van de 
vroege motorische ontwikkeling, met inbegrip van de kwaliteit van GMs, een rol kan spelen 
in het herkennen van vroege tekenen van een afwijkende neurologische ontwikkeling, het 
monitoren van het behandelingseffect bij kinderen met een verhoogd risico op een afwijkende 
neurologische ontwikkeling en bij het voorspellen van functionele uitkomsten op schoolleeftijd. 
De beoordeling van de vroege motorische ontwikkeling kan daarom een leidraad vormen voor 
het ontwikkelen van strategieën ter preventie van latere neurologische problemen. Daarnaast 
dragen de resultaten in dit proefschrift bij aan de schaarse literatuur dat de vroege visuele 
aandacht functionele resultaten op schoolleeftijd kan voorspellen, en als zodanig kan bijdragen 
aan het identificeren van kinderen die later problemen zullen ontwikkelen. De pathofysiologische 
mechanismen die ten grondslag liggen aan de longitudinale associaties tussen vroege motorische 
ontwikkeling en vroege visuele aandacht aan de ene kant en functionele uitkomsten aan de 
andere kant zijn complex en omvatten waarschijnlijk neurale netwerken die zijn betrokken in de 
motorische, cognitieve en gedragsontwikkeling én die reeds hun permanente breinstructuur 
hebben bereikt rond de leeftijd van 3 maanden postterm of in ieder geval min of meer stabiel 
bleven in het verloop van de tijd. 
 De verschillende delen van dit proefschrift hebben geleid tot vele vragen die nader 
onderzoek behoeven. Wij doen enkele aanbevelingen voor toekomstige studies. Op basis van 
de veelbelovende resultaten van lage doseringen van DXM (hoofdstuk 3), pleiten wij ervoor dat 
randomized-controlled trials zonder open-label gebruik van DXM worden uitgevoerd om de 
longfuncties van deze kinderen te onderzoeken en om te bepalen of de gunstige neurologische 
ontwikkeling stand houdt tot aan schoolleeftijd en daarna. Verder zijn er meer longitudinale 
studies nodig die zich specifiek richten op de vroege ontwikkeling van het kind, bij voorkeur 
met grotere studiegroepen en in combinatie met beeldvorming van het brein. Hiermee 
zouden we onze kennis kunnen uitbreiden over hoe ontwikkelingstrajecten van bijvoorbeeld 
de vroege motorische ontwikkeling en visuele aandacht gerelateerd zijn aan de ontwikkeling 
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van het brein in jonge kinderen. Een toegenomen kennis over de neurologische substraten 
van vroege gedragingen kan aanwijzingen geven voor vroege interventies ter verbetering van 
neurologische en functionele uitkomsten in kinderen.
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aBBreVIatIons

ADHD Attention-Deficit-Hyperactivity-Disorder
aEEG  amplitude-integrated electro-encephalogram
ATN  asymmetric tonic neck posture
 AVLT Auditory Verbal Learning Test
BHK Beknopte beoordelingsmethode voor kinderhandschriften
BPD  bronchopulmonary dysplasia
BRIEF Behavior Rating Inventory of Executive Function 
BSID-II-NL  Bayley Scales of Infant and Toddler Development, second edition
BW  birth weight
CBCL  Child Behavior Checklist
CI  confidence interval
CITO Centraal Instituut voor Toetsontwikkeling
CP  cerebral palsy
CPAP  continuous positive airway pressure
cPMP cyclic pyranopterin monophosphate
CSBQ Children’s Social Behavior Questionnaire 
DCD developmental coordination disorder
DCD-Q Developmental Coordination Disorder Questionnaire
DXM  dexamethasone
FMs  fidgety movements
GA  gestational age
GMFCS Gross Motor Function Classification System
GMH-IVH germinal matrix-intraventricular hemorrhage
GMs   general  movements
HC  hydrocortisone
IQ Intelligence Quotient
IUGR intra-uterine growth retardation
IVH  intraventricular hemorrhage
MDI mental developmental index
MND  minor neurological dysfunction
MoCD molybdenum cofactor deficiency
MOS motor optimality score
Movement-ABC Movement Assessment Battery for Children
NEPSY Neuropsychological Assessment
NICU  neonatal intensive care unit
NS non-significant
OH-PCBs hydroxylated polychlorinated biphenyls
OR odds ratio
PCBs polychlorinated biphenyls
PDI performance developmental index
PHVD post hemorrhagic ventricular dilatation
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PMA  postmenstrual age
PVE periventricular echodensities
PVL  periventricular leukomalacia
ROP  retinopathy of prematurity
RT reaction time 
SD  standard deviations
SES socioeconomic status
TEA-Ch Test of Everyday Attention for Children
TVPS-3 Test for Visual-Perceptual Skills- third edition
UMCG University Medical Center Groningen
WISC-III Wechsler Intelligence Scale for Children, third edition
WPPSI-R-NL  Wechsler Preschool and Primary Scale of Intelligence,  
 revised Dutch version
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Waarom moeilijk doen als het samen kan? Dit geldt zeker voor de wetenschap. Zonder goede 
begeleiding, inspiratie, motivatie en steun van anderen is het lastig een promotie traject 
succesvol af te ronden. Een aantal mensen in het bijzonder wil ik daarom op deze plek graag 
bedanken.

Ik wil graag beginnen met het bedanken van mijn promotor, prof. dr. A.F. Bos. Beste Arie, mede 
door jou ben ik dit avontuur aangegaan. Ik kan mij nog goed herinneren dat jij mij direct aan het 
begin van mijn stage wetenschap naar Italië stuurde voor het volgen van een cursus ‘General 
movements’. Ik kon toen nog niet vermoeden dat de opgedane kennis tijdens deze cursus de 
leidraad van mijn toekomstige promotieonderzoek zou worden. Want jij, Arie, was diegene die 
mij wees op de mogelijkheid van een MD/PhD traject. Ik kende dit traject alleen bij naam maar 
wist niet precies wat het inhield. Na een tijd lang wikken en wegen besloot ik er volledig voor 
te gaan! En wat ben ik blij en trots dat ik nu, 4 jaar later, met een eigen proefschrift in mijn hand 
sta. Dit was zonder jou nooit gelukt. Bedankt voor al je kritische en waardevolle commentaren. 
Ondanks je drukke agenda bleef je altijd geduldig en gaf je mij het vertrouwen bij het uitwerken 
van mijn eerste ideeën. Ik heb bewondering voor de wijze waarop je elk resultaat wist in te 
passen binnen de lijnen van het onderzoek waardoor je het onderzoek en mijn enthousiasme 
voor het onderzoek weer nieuw leven inblies! Wat mij vooral zal bijblijven zijn de vele uurtjes die 
we samen achter de tv hebben doorgebracht om ‘ouderwetse’ videobanden te beoordelen, maar 
ook die keren dat we bij jou thuis zelfgemaakte pizza mochten komen eten. Alle ervaringen in de 
afgelopen jaren hebben in belangrijke mate bijgedragen aan mijn ontplooiing tot ‘onderzoeker’ 
maar zijn ook voor mij persoonlijk erg waardevol geweest. Ik hoop in de toekomst nog veel van 
je te mogen leren! 

Ook wil ik graag mijn co-promotor bedanken, dr. K.N.J.A. Van Braeckel. Beste Koen, jij werd 
pas halverwege mijn promotieonderzoek officieel mijn co-promotor maar eigenlijk was je dat 
al vanaf het begin. Jij bent diegene die mij de kneepjes van de neuropsychologische testen 
aanleerde, niet alleen het uitvoeren ervan maar ook de interpretatie van de resultaten. Dit deed 
je vol overgave en met enthousiasme voor je vak! Ook heb ik mogen profiteren van jouw kennis 
over ingewikkelde statistische technieken. Hoewel sommige statistische testen uiteindelijk niet 
terecht kwamen in de eindversie van het manuscript heb ik wel ontzettend veel opgestoken 
van onze bijeenkomsten. Daarnaast wist jij mijn manuscripten op vele punten inhoudelijk 
te verbeteren, waarbij je altijd de klinische relevantie van het onderzoek in het oog wist te 
houden. Dit, en jouw Vlaamse humor, maken dat ik regelmatig terug denk aan onze ‘plezante’ 
samenwerking! 

De leden van de Leescommissie, prof. dr. C. Einspieler, prof. dr. J. Oosterlaan, prof. mr. dr. A.A.E. 
Verhagen, wil ik allen hartelijk bedanken voor het kritisch lezen en beoordelen van mijn 
proefschrift. 
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Lieve paranimfen, lieve Annemiek, lieve Femke, wat ben ik trots en vereerd dat jullie mijn 
paranimfen willen zijn!

Lieve Annemiek, jij bent een fantastische vriendin, collega, sportmaatje, borrelmaatje, ja wat 
ben je eigenlijk niet? Wat ben ik blij dat ik de weg naar de promotie niet alleen hoefde af te 
leggen maar dat jij er was om de hoogte- en dieptepunten mee te delen. Ik wil je op deze plek 
bedanken voor jouw kritische blik, aanstekelijke enthousiasme en oprechte betrokkenheid. In het 
bijzonder kan ik mij onze brainstormsessies herinneren. Onder het genot van een kop koffie (of 
een wijntje…) wist jij tekortkomingen van mijn onderzoek op te sporen, maar ook interessante 
verklaringen te bedenken voor mijn resultaten. Bovendien bood jij mij de helikopterview die ik 
op dat moment nodig had als ik mij in alle details had verloren. Ik heb enorm veel respect voor 
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