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Reaching for and grasping objects form an intrinsic part of man’s daily 

life. In children, being able to carry out such actions represents a milestone in 

their development, since these actions allow them to explore and control their 

environment more thoroughly than ever before. Such actions allow them to 

reach for and bring food to their mouth, or to point to objects to communicate a 

desire or to reach for toys, which provides an opportunity for social interaction. 

At school age, the visuomotor processes underlying such actions enable the 

children to learn to lace their shoes and to write.

The underlying visuomotor processes required to plan and control 

these goal-directed movements are extremely complex and meticulously 

orchestrated. To plan a reaching movement towards an object, the visual 

system has to establish the position of the object in relation to the hand (is it 

on my left or rather in front of me?; can I reach it without moving my legs or 

trunk or is too far?). Then, the brain has to translate this information about an 

object outside the body into body-centered coordinates, and in cooperation 

with the motor system, to come up with a plan incorporating movement 

distance (how far do I have to reach?) and direction (do I have to reach 

towards my left or rather straight forward?), given a specific posture (are my 

trunk and arms facing the object?). Furthermore, the brain has to specify 

movement speed, how long to accelerate and when to decelerate, and how 

hard to accelerate and to decelerate to prevent reaching too short or smashing 

into the object. Once this plan is constructed, the reaching movement starts.

To control this movement the brain pulls up an amazing trick: it very quickly 

(we’re talking about milliseconds!) integrates visual information on the position 

of the arm, hand and fingers in relation to the position of the object with 

proprioceptive – felt – information from the muscles and skin on the position of 

shoulder, arm, and fingers. The resulting information is then compared to the 



Introduction

9

motor plan to correct the on-going reaching movement to achieve a smooth, 

fast movement ending at an adequate position near the correct object.    

This thesis focuses on elementary visuomotor processes involved in 

such actions. More particularly, we chose to compare the development of such 

processes between typically developing and preterm born children, since 

visuomotor deficits have consistently been found in preterm born children. 

From a theoretical point of view, the investigation of such processes in 

preterm born children provides insight into the development and plasticity of 

the neural networks underlying visuomotor action in the young human brain, 

which has been affected by early atypical events and premature 

environmental experience. From a clinical perspective, it provides insight into 

processes underlying the acquisition of important daily skills, such as writing, 

which preterm born children have been shown to have difficulty mastering.

1. Impairments in preterm born children

The World Health Organization defines the normal duration of a 

pregnancy as 37 to 42 weeks. Infants born before 37 weeks of gestation are 

classified as preterm, and infants born before 32 weeks of gestation are 

classified as very preterm. The gestational age (G.A.) of an infant is calculated 

as the interval between the first day of the mother’s last menstruation and the 

day of birth. However, irregular menstrual cycles make this calculation difficult. 

Therefore, birth weight is also used as an indicator for a neonate’s maturity. 

The World Health Organization defines a birth weight of more than 2500 g as 

normal, of 1500 g – 2500 g as low, of 1000 g – 1500 g as very low, and a birth 

weight of < 1000 g as extremely low. Since the average birth weight of a 

neonate with a G.A. of 32 weeks is 1500 g, the terms ‘very low birth weight’ 

and ‘very preterm born’ have both been used in the literature to describe 
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children born very premature. Here, we will use the denomination ‘very 

preterm’.

Very preterm born children are at risk for serious perinatal medical 

complications, such as fluctuations in blood pressure, hypoxia, and infections 

(Brazy, Eckerman, Oehler, Goldstein, & O’Rand, 1991). These complications 

increase the risk for brain injury resulting in neurological complications. 

Approximately 5% to 15% of very preterm born children sustain severe brain 

damage resulting in Cerebral Palsy (CP), which is associated with serious 

motor, cognitive, and behavioural problems (Volpe, 1998). As a result of 

improved perinatal care in the last few decades, an increasing number of 

children survive preterm birth, who do not develop CP (Lemons, Bauer, Oh, 

Korones, & Papile, et al., 2001). Research into the long-term consequences of 

preterm birth in this group has focused on the more subtle signs of impairment 

(Foreman, Fielder, Minshell, Hurrion, & Sergienko, 1997; Lukeman & Melvin, 

1993). Follow-up studies report slightly lower intelligence scores, minor 

learning difficulties, behavioural problems, and mild motor problems (for 

intelligence scores, see Caravale & Vicari, 2004; Luoma, Herrg�rd, & 

Martikainen, 1998; Pinto-Martin, Whitaker, Feldman, Van Rossem, & Paneth, 

1999; for learning difficulties, see Saigal, den Ouden, Wolke, Hoult, et al., 

2003; Schothorst & van Engeland, 1996; for behavioral problems, see 

Schothorst et al., 1996; Torrioli, Frisone, Bonvini, Luciano, et al., 2000; for 

motor problems, see Holsti, Grunau, Whitfield, 2002; Jongmans, Mercuri, de 

Vries, Dubowitz, & Henderson, 1996).

One of the more consistent findings in follow-up studies of preterm 

born children without CP is a deficit in visuomotor and visuospatial skills 

(Caravale et al., 2004; Jongmans et al., 1996; Goyen, Lui, Woods, 1998; 

Luoma et al., 1998; van den Hout, Stiers, Haers, van der Schouw, Eken et al., 

2000). Until now, visuomotor functioning in preterm born children has 
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generally been investigated using complex visuomotor tests with a cognitive 

component. Examples of such tests are copying of figures, block construction, 

or puzzles (Beery�s Developmental Visual-Motor Integration test: Caravale et 

al., 2004; Jongmans et al., 1996; Torrioli et al., 2000; Waber & McCormick, 

1995; the Rey-Osterrieth Complex Figure test: Waber et al., 1995; NEPSY: 

Herrg�rd, Luoma, Tuppurainen, Karjalainen, & Martikainen, 1993; Luoma et 

al., 1998). Since such tests provide little insight into elementary visuomotor 

processes, it remains unclear whether the preterm born children’s poorer 

performance on these visuomotor tests is related to impaired elementary 

visuomotor processes and/or to a lower cognitive ability. In this thesis, we will 

focus on the integrity and development of elementary visuomotor processes in 

preterm born children without CP (G.A. <34 weeks and/or birth weight <1800 

g), and we will focus on the implications of prematurity for the neural networks 

involved in visuomotor processes. 

2. Elementary visuomotor processes: description and 

investigation procedure

Since a visually-guided reaching movement is one of the most basic 

visuomotor actions, such movements have been used in the literature as a 

starting point to investigate elementary visuomotor processes. More than a 

century ago, Woodworth (1899) published a monograph reporting a number of 

experiments involving an aiming procedure designed to gain insight into 

elementary visuomotor processes underlying reaching movements. Since this 

monograph, aiming tasks have been used in many studies to investigate such 

visuomotor processes (Elliott et al., 2001). In aiming or pointing tasks, the 

subject sits in front of a screen or board on which a visual target is presented. 

In most studies, the target consists of a small light or circle. The hand is 

located between the subject and the screen or board. The goal is to reach for 



Chapter 1

12

and touch the target as quickly and as accurately as possible. Rapid, goal-

directed, and visually-guided reaching movements consist of a planning phase 

followed by an execution or control phase (Woodworth, 1899; Glover, 2004). 

The duration of the planning phase is measured as the time between the 

presentation of the target and movement onset (reaction time). The duration of 

the movement execution or control phase is the time between movement 

onset and the touch (movement time). Endpoint accuracy is calculated as the 

distance between the touched location and the location of the target. The 

simplest paradigm is the manipulation of target distance or direction, thus 

manipulating movement amplitude or direction respectively.

The planning phase entails the selection of type of movement given 

the environment and the actor’s goals, and the programming of movement 

direction and amplitude (distance; Glover, 2004). The execution phase 

consists of an acceleration phase and a deceleration phase. During movement 

execution, the movement program is executed and updated with 

proprioceptive and visual feedback information for on-line movement control. 

Since proprioceptive and visual feedback influences a movement at the 

earliest 100-130 ms after movement onset (for proprioceptive feedback: 

Higgins & Angel, 1970; Newell & Houk, 1983; for visual feedback: Elliott, 

Binsted, & Heath, 1999), the acceleration phase is less sensitive to feedback 

than the deceleration phase. It therefore reflects mainly the output of the 

movement program with minimal influence of on-line feedback. The 

deceleration phase, while primarily determined by the movement program, is 

strongly influenced by on-line correction of the movement program using 

proprioceptive and visual feedback when high movement accuracy is required 

(Elliott, Helsen, & Chua, 2001). For a representation of these phases, see 

Figure 1.1.
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Figure 1.1. Representation of a velocity and an acceleration signal of a pointing 

movement in one of our studies. ‘A’ represents the movement planning and 

programming phase, ‘B’ represents the acceleration phase, ‘C’ represents the 

deceleration phase. Note that signals were acquired through a marker on the finger 

nail. Movement onset and touch were determined by release of a finger key and touch 

on a screen respectively. 

To gain insight into visual feedback processing for movement control, 

one paradigm compares movements with and without vision of the arm and 
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finger. Procedures for occluding vision were simply fixing a horizontal screen 

covering the area of movement but not the visual targets (Bard, Hay, & Fleury, 

1990; Hay, Bard, Fleury, & Teasdale, 1991), or turning off the light at 

movement onset (Chicoine et al., 1992; Prablanc & Martin, 1992). A second 

paradigm involves inducing a conflict between the seen and felt hand 

trajectories. This is achieved by having subjects wear prismatic glasses, which 

displace the visual field laterally (Hay, 1979). The visual field displacement 

leads the subject initially to direct his movement towards the virtual, perceived 

target position until he realizes his error and corrects his trajectory by moving 

towards the real, physical target position. This trajectory correction provides 

evidence that the subject has taken the visual feedback of his movement into 

account. A final set of paradigms to investigate visual feedback processing 

consists of the manipulation of target presentation. One of these paradigms is 

referred to in the literature as the double-step paradigm in which a visual 

target is first presented to the subject (step one), and then displaced during 

the movement (step two; Rossetti & Pisella, 2002). This paradigm has been 

used extensively to investigate the influence of visual feedback processes on 

the on-going movement. More specifically, it has been used to estimate the 

time visual feedback processing requires to influence an on-going movement 

(Elliott et al., 1999; Prablanc & Martin, 1992; Saunders & Knill, 2003; Turrell, 

Bard, Fleury, Teasdale, & Martin, 1998). Finally, the effect of visual distractors 

on movement control has been investigated by presenting a visual distractor 

stimulus during target presentation in a pointing task (Pratt & Abrams, 1994; 

Tipper, Howard, & Jackson, 1997; Tipper, Lortie, & Baylis, 1992). The subject 

is instructed to touch the target and ignore the distractor. This paradigm has 

high ecological relevance, since it simulates a reaching movement towards a 

target, e.g. pen, in a cluttered environment, e.g. papers, pencils, keyboard, 

which is almost always the case in daily life. 
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Less research has been done on proprioceptive feedback processing 

for movement control, since proprioceptive information is difficult to 

manipulate. Technological advances have allowed the use of the tendon 

vibration technique in pointing tasks (Bard, Hay, Fleury, & Teasdale, 1998; 

Hay, Bard, Ferrel, Olivier, & Fleury, 2005). This stimulation technique is known 

to induce a sensation of movement in a motionless limb, when vision of the 

stimulated limb is absent, corresponding to the stretching of the stimulated 

muscle. Muscle tendons can be stimulated before movement onset distorting 

movement planning or during movement execution inducing an on-line 

correction of the movement trajectory.

Finally, the technique for registering the movements is an important 

aspect in the investigation of pointing movements, since the type of technique 

is related to the level of measurement accuracy. Some studies registered the 

reaching movements by the movement of a hand-held lever or stylus 

(Chicoine et al., 1992; Hay et al., 2005; Sagnol, Debillon, & Deb�, 2007). 

Disadvantages of such a procedure are that a lever allows only 2D-

movements and that goal-directed movements with a lever or stylus are 

performed rarely in daily life, thus decreasing the ecological validity of the 

task. Unfortunately, very few studies on pointing movements in children used 

a motion detection system to register the movements (van Dellen & Geuze, 

1988). Such a system tracks a marker attached to a finger or the hand, thus 

allowing fairly obstruction-free 3D-movements, which are ecologically more 

valid. In our studies, we used such a motion detection system to track the 

movements.

The studies presented in this thesis are part of a larger study, designed 

to gain insight into different aspects of visuomotor information processes and 

their development. In the larger study, we presented four pointing and two 

reaching-grasping tasks to a group of 7- to 10-year-old preterm born children 
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without CP and a control group of full-term born age mates. The pointing tasks 

differed in levels of complexity, thus tapping different aspects of visuomotor 

processing. The first, and simplest, pointing task involved the manipulation of 

movement amplitude. This task, a low-level visuomotor task , was used as a 

baseline with which the performance on the other tasks could be compared. In 

the second task, we applied the double-step paradigm to investigate the 

duration of visual feedback processing for movement correction. In the third 

task, we presented a visual distractor to investigate the effect of irrelevant 

visual information on movement control. In the fourth, and most complex, 

pointing task, we modified the double-step paradigm by presenting the second 

step of target presentation after the end of the acceleration phase to 

investigate movement strategies and on-line movement adaptations to deal 

with the late change in target location. Finally, in the reaching-grasping tasks, 

the children had to reach for and grasp blocks. In one reaching-grasping task, 

block size was manipulated to investigate adjustment of grip aperture, while in 

a second task, block orientation was manipulated to investigate wrist 

orientation during movement execution. In this thesis, we discuss results for 

the first and the last pointing tasks.

3. Neural networks subserving movement planning and control

As described in the previous paragraph, a simple reaching action is the 

result of complex information processing. Here, I present Milner & Goodale’s 

(1995) model of visual information processing in the brain, which provides a 

framework for the investigation of the information processing involved in 

reaching. Finally, I discuss the involvement of frontal brain regions and the 

cerebellum in such actions.

Based on evidence from lesion studies and electrophysiological 

experiments in monkeys, and studies in humans, Ungerleider & Mishkin 
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distinguished two distinct anatomical visual streams starting from the primary 

visual area (V1): a ventral, occipito-temporal stream, and a dorsal, occipito-

posterior parietal stream (see Figure 1.2). The former was proposed to 

subserve object discrimination (“what”-stream), whereas the latter spatial 

localization (“where”-stream). Recently, Milner & Goodale (1995) redefined the 

function of the ventral and the dorsal visual streams as a “what”- and a “how”-

stream respectively. They proposed that the ventral stream processes object 

characteristics for object recognition using multiple frames of reference, 

whereas the dorsal stream processes visual information for fast goal-directed 

action, e.g. reaching and grasping, using an egocentric frame of reference (for 

review, see Creem & Proffitt, 2001). This double dissociation in ‘vision-for-

perception’ and ‘vision-for-action’ is based on evidence from adult patients 

with neurological disorders and normal adults. For example, optic ataxia-

patients with posterior parietal damage exhibit a deficit in the visual control of 

reaching and grasping target objects, while they have little difficulty describing 

the size, and shape of these target objects (Goodale, Westwood, & Milner, 

2004). In contrast, the well-documented visual agnosia patient D.F. had 

suffered severe bilateral damage to her ventral visual stream, which resulted 

in an inability to perform visual discriminations on visual input (‘vision-for-

perception’), whereas she experienced no difficulties in reaching for and 

grasping of the same visual input (‘vision-for-action’; James, Culham, 

Humphrey, Milner, & Goodale, 2003; Goodale et al., 2004). A similar pattern of 

inaccurate ‘vision-for-perception’, but accurate ‘vision-for-action’ has been 

shown in experiments presenting visual illusions to normal observers. The 

visual illusions influence visual-perceptual judgments about the size of the 

target object, but not the grip aperture while reaching for and grasping of this 

target object (for review, see Carey, 2001). Finally, Lee & van Donkelaar 

(2002) further explored these experiments by delivering Transcranial Magnetic 
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Stimulation over either the ventral or the dorsal stream during a reaching 

movement towards a visual illusion. Their results suggest that the ventral 

stream makes a significant contribution to reaching movements based on 

illusory, perceived visual information, but not on real, physical information 

(vision-for-perception), whereas the dorsal stream significantly contributes to 

reaching movements based on real, physical information (vision-for-action). 

Figure 1.2. Representation of the dorsal – occipito-posterior parietal – visual stream 

and the ventral – occipito-temporal – visual stream; V1, primary visual area

V1Ventral 

Stream

Dorsal 

Stream
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However, a reaching action is not only mediated by the dorsal visual 

stream, but also by the cerebellum and frontal regions. As previously 

described, such an action consists of a movement planning phase and a 

control phase. The frontal lobe and the dorsal visual stream are involved in the 

selection and construction of an appropriate movement plan on the basis of 

cognitive, visual, and proprioceptive information (Glover, 2004). The planning 

of simple reaching and grasping movements tend to rely more heavily on 

dorsal stream processing, while the planning of complex movements, e.g. 

movement sequences and movement strategies, rely more heavily on frontal 

lobe processing (Glover, 2004). After a movement has been planned, the 

movement program is sent to the motor system for movement execution. 

Simultaneously, an efference copy of the movement program is constructed, 

and used by the dorsal stream and the cerebellum to control the movement 

on-line. More specifically, after the movement has started and when feedback 

information becomes available, the dorsal stream and the cerebellum begin to 

integrate the visual and proprioceptive feedback with the efference copy to 

monitor and adjust the movement on-line. The integration of visual feedback 

with the efference copy likely involves the dorsal stream more than the 

cerebellum (Glover, 2004), while the integration of proprioceptive feedback 

with the efference copy likely involves the cerebellum more than the dorsal 

stream (Blakemore, Frith, & Wolpert, 2001; Glover, 2004). This feedback 

influences movements for on-line corrections at the earliest 100-130 ms after 

movement onset (Elliott et al., 1999; Higgins & Angel, 1970; Newell & Houk, 

1983).

4. Typical development of movement control in childhood

It is generally assumed that eye-hand coordination is acquired through 

sensorimotor practice and improves during a child’s development. At around 4 
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months of age, infants’ reaching attempts start to become successful (Von 

Hofsten, 1993). Research suggests that this is related to movements coming 

increasingly under visual control (McDonnell, 1975). However, at that age, 

reaching movements are not smooth and efficient. Around 9 months of age, 

these movements become much more efficient: the number of acceleration 

and deceleration phases decreases, and the movement paths shorten (Von 

Hofsten, 1993). Therefore, it may come as a surprise that research into simple 

movements, such as fast pointing or reaching movements, has consistently 

found that movement control develops non-monotonically in typically 

developing school-aged children, with a regression in movement efficiency 

around the age of 8 years (Chicoine et al., 1992; van Dellen & Kalverboer, 

1984; Ferrel, Bard, & Fleury, 2001; Hay, 1979; Pellizzer & Hauert, 1996). To 

our knowledge, Hay (1978, 1979) was the first to report this non-monotonic 

development of pointing movements. Hay (1979) had children aged 5-11 

years point at targets while wearing prismatic glasses. The analysis of hand 

trajectories revealed that 5-year-old children modified their movement 

trajectory late, suggesting an absence of visual guidance. By contrast, 7-year-

old children modified their trajectory early and older children showed 

intermediate corrections. Hay concluded that there is a predominance of the 

programming system at 5 years, and of the on-line control system at 7 years, 

which is followed at 9 and 11 years by the integration of both systems.

Since Hay’s study (1979), many cross-sectional studies have been 

conducted to gain insight into the development of elementary visuomotor 

processes in 5- to 11-year-old children (Bard et al., 1990; Chicoine et al., 

1992; Ferrel et al., 2001; Hay et al., 1991; Pellizzer & Hauert, 1996; van 

Dellen & Kalverboer, 1984). These studies confirmed qualitative changes in 

information processing for movement control in this age range. Bard et al. 

(1990), and Hay et al. (1991) measured reaction times (RTs), and movement 
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times (MTs) of aiming movements with and without vision of the hand in 6-, 8-, 

and 10-year-old children using tasks in which movement direction or amplitude 

were manipulated. They found a decrease of RT with increasing age in all 

tasks, which suggests that movement planning efficiency improves 

monotonically with age. MTs were the longest at 8 years of age in the 

directional and amplitude tasks, they did not differ between the 6- and 10-

year-olds in the directional task, and they were the shortest in the 10-year-olds 

and intermediate in the 6-year-olds in the amplitude task. These results 

corroborated the hypothesis that movement execution efficiency develops 

non-monotonically with a regression around 8 years of age. 

The study of Chicoine et al. (1992) provided more insight into the 

mechanisms underlying this non-monotonic development. They had three age

groups, 5- to 6-, 8- to 9-, and 11- to 12-year-old typically developing children, 

perform pointing movements first with and then without vision of their 

movements. The researchers compared the endpoint accuracy between the 

two conditions, and found that the absence of vision had the least deleterious 

effect in the youngest group. Furthermore, the absence of vision had the most 

deleterious effect on the 8- to 9-year-olds, and an intermediate effect on the 

11- to 12-year-olds. Chicoine et al. interpreted their results in terms of the 

theory that motor learning in adults is based on a highly complex network of 

integrated sensorimotor information (Proteau et al., 1992), which is different 

from Hay’s (1979) hypothesis. Chicoine et al.’s finding that the absence of 

vision had the least deleterious effect on the youngest group suggests that the 

visual information was not, or at least not sufficiently, integrated in an 

intersensory network. They further argued that it is plausible that before an 

intersensory network is established, young children process the different 

sources of feedback independently of each other. Consequently, the 

withdrawal of one source of feedback information, i.e. vision, would not affect 
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movement control as much as when feedback from several different sources 

are integrated into one network, because the young brain can always rely on 

the remaining (nonintegrated) proprioceptive information. Conversely, once 

this intersensory network is formed, withdrawal of one sensory input would 

hamper the use of this integrated network, resulting in a less efficient motor 

response as evidenced by the poorer performance of the 11- to 12-year-olds. 

Chicoine et al.’s finding that movement accuracy in the 8- to 9-year-old 

children was more affected than in the younger and older children may be 

explained by postulating either that the 8- to 9-year-old children somehow rely 

more heavily on the visual feedback at that age or that their newly established 

intersensory network is more susceptible to disruption because of its very 

novelty. Regardless of the mechanism involved, the qualitative change in 

pointing accuracy occurring around the age of 8 years most likely represents a 

developmental marker in the development of intersensory integration for 

movement control.

Taken together, it is proposed that increased movement control during 

childhood reflects the acquired capacity to gradually integrate proprioceptive 

and visual feedback information. Furthermore, the crucial period during which 

intersensory integration begins to form a highly integrated network of 

sensorimotor information is around the age of 8 years, as reflected in the 

regression in movement control efficiency.  

Recent longitudinal brain imaging data are consistent with the 

behavioural findings of a transition in the development of movement control 

around 8 years of age in typically developing children. One of the key features 

of brain development is the sprouting and proliferation of neurons and 

interconnections followed by competitive elimination. One consequence of this 

process is a larger grey matter volume in infants and children than in adults. 

This “rise and fall” of brain matter from early to adult development suggests 
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that the young brain is provided with an ‘overload’ of matter, which is then 

reduced on the basis of experiences to become more efficient with less matter 

into adulthood. Another aspect of brain development is that the onset and 

duration of the proliferation and elimination of neurons differ between different 

regions of the brain starting in the sensory, then the motor and finally in the 

association areas. Lenroot & Giedd (2006) recently presented the results of an 

impressive longitudinal brain imaging study. Using Magnetic Resonance 

Imaging, they scanned the brains of about 500 healthy subjects at the age of 

about 5 years until their twenties at a 2-year interval. In their paper, they 

displayed the reduction of grey matter volume between 5 and 20 years of age 

at a 3- to 4-year interval (Figure 1.3). In this figure is shown that the grey 

matter volume in the area between the occipital lobe and posterior parietal 

lobe - the area of the dorsal stream - changes dramatically around 8 to 9 years 

of age (second brain image), and achieves an adult level by 11 to 12 years of 

age (third brain image). Consequently, these brain imaging data provide 

converging evidence for a transition in the development of movement control, 

subserved by the dorsal stream, around 8 years of age.
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Figure 1.3. Right lateral and top views of grey matter maturation over the cortical 

surface. The side bar shows a colour representation in units of Grey Matter Volume 

(Lenroot & Giedd, 2006).

5. Movement control in preterm born children and the dorsal 

stream impairment hypothesis

As discussed in the first paragraph, elementary visuomotor processes 

have not been investigated extensively in preterm born children. To our 

knowledge, only two research groups, namely Foreman et al. (1997) and 

Sagnol et al. (2007), attempted to gain more insight into these processes in 

occipital

parietal
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preterm born children without CP. Foreman and colleagues presented two 

visual-perceptual tasks (visual form extraction and closure), a visual search 

task, and a simple pointing task to 6-year-old preterm born children. The 

preterm born group showed no deficits on the visual-perceptual tasks, but 

performed poorly on the visual search task, and the pointing task. In the 

pointing task, response times – movement programming plus execution time –

were longer in the preterm born group than in the full-term control group. 

Based on these results, they hypothesized that the visuomotor deficits in 

preterm born children most likely reflect impaired dorsal stream functioning. 

Sagnol et al.’s finding of slower simple pointing movements in a group of 5-

year-old preterm born children is consistent with this hypothesis. Converging 

evidence for dorsal stream impairment in preterm born children comes from 

imaging studies. At 40 weeks gestational age, Diffusion Tensor Imaging (DTI) 

has shown that white matter fibers in areas of the brain through which the 

dorsal stream flows are shorter, thinner, and less organized in preterm born 

than full-term control infants (H�ppi, Maier, Peled, Zientara, & Barnes, 1998). 

At 11 years of age, DTI suggested reduced thickness, fewer axons, and/or 

poorer myelination of the white matter in these brain areas in preterm born 

than in full-term control children (Nagy, Westerberg, Skare, Andersson, Lilja, 

et al., 2003). Further evidence comes from neuropsychological studies, which 

suggest that the dorsal stream may be specifically impaired, since aspects of 

object perception associated with the ventral stream, for example object 

recognition and discrimination, show less (Luoma et al., 1998) or no 

impairment (Foreman et al., 1997; Goyen et al., 1998). Aspects involving more 

the dorsal than the ventral stream, for example recognition of objects from 

unconventional viewpoints, may be specifically impaired (Van den Hout et al., 

2000).
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Impairments of vision in developmental disorders, such as Williams’ 

syndrome, and hemiplegia also seem to be much more associated with dorsal 

than ventral stream impairment (Atkinson, 2000). This suggests that the dorsal 

visual stream is vulnerable to early disruption, while this holds less for the 

ventral visual stream. The mechanism underlying this disruption in preterm 

born children is still largely unknown, but may be related to early visual 

stimulation of an immature system or to a high sensitivity for minor organic 

damage.

6. Issues for further investigation and goals of the study

A. Dorsal stream and/or cerebellar impairment in preterm born children 

without CP?

At first glance, the findings of Foreman et al. (1997) and Sagnol et al. 

(2007) seem to answer the question whether elementary visuomotor 

processes are impaired in preterm born children without CP. However, the 

visuomotor processes involved in reaching/pointing movements are complex. 

Since Foreman et al. and Sagnol et al. showed no more than a slowing of 

such movements in preterm born children, these studies do not provide insight 

into which aspects of visuomotor functioning are impaired, such as visual 

information processing for movement programming or on-line feedback 

information processing for movement control. Furthermore, since the 

cerebellum is also involved in movement control (see paragraph 3), the 

preterms’ poorer performance on the pointing tasks may also reflect cerebellar 

impairment. Cerebellar impairment is not unlikely, since volumetric Magnetic 

Resonance Imaging analyses in preterm born neonates and 14-year-old 

preterm born children have shown that cerebellar growth is impeded (Allin, 

Matsumoto, Santhouse, Nosarti, AlAsady, et al., 2001; Limperopoulos, Soul, 
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Gauvreau, H�ppi, Warfield, et al., 2005). To investigate which aspects of 

visuomotor functioning are impaired and to gain insight into possible 

underlying impairments in dorsal stream and/or cerebellum, we performed an 

analysis of the different phases of pointing movements in a simple pointing 

task. In this task, we manipulated only movement distance. From a theoretical 

perspective, results of this investigation have implications for ideas about 

plasticity of the dorsal stream-cerebellum network involved in visuomotor 

processing.

B. Delayed or different development of visuomotor processes in 

preterm born children without CP?

A further issue left untouched by previous research is the course of the 

development of elementary visuomotor processes in preterm born children. Do 

preterm born children also show a regression in movement control around 8 

years of age as typically developing children do? If not, is this development in 

preterm born children better described as delayed or different? To compare 

the development of movement control in preterm born children with typically 

developing children, longitudinal data on this development in typically 

developing children is required. Such data provide a more rigorous test of the 

non-monotonic development hypothesis in typically developing children, since 

no study has presented longitudinal data before. Finally, given the preterm 

born children’s poorer performance on pointing tasks before 7 years of age 

(Foreman et al., 1997; Sagnol et al., 2007), do preterm born children catch up 

later in childhood? To investigate the development of movement control in 

preterm born and typically developing children, we carried out a quasi-

longitudinal study in which 7- to 10-year-old preterm and full-term born 

children executed the simple pointing task twice, and some children three 

times, with a 1.5-year interval. In this task, we manipulated only movement 
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distance. From a clinical perspective, a delay in the preterm born group 

suggests spontaneous catching up and that intervention should be directed at 

speeding up the development, while a difference suggests that preterm born 

children will not catch up and that intervention should be directed at attaining 

appropriate levels of proficiency to avoid other aspects of development 

subserved by the dorsal stream being affected.

C. Movement strategies and on-line adaptations in typically developing 

children and preterm born children without CP

A final issue is the consequence of the preterms’ poorer simple 

pointing movements for ecologically more valid movements. Foreman et al. 

(1997) presented a simple pointing task in which only movement direction or 

distance were manipulated, and Sagnol et al. (2007) presented a simple 

pointing task in which only target size was manipulated. However, reaching 

movements in daily life are more complex. Movements are frequently initiated 

before the exact location of the target is known, such as taking a bag of potato 

chips from a supermarket shelf or a favorite sweet in a bowl among other 

sweets. The general direction and distance of such movements are known at 

movement onset, but precise target location is defined during the movement. 

The uncertainty of precise target location at movement onset requires the 

capability to adapt the reaching movement on-line to achieve the accuracy 

necessary for successful grasping. Does the preterms’ poorer elementary 

visuomotor processing as shown by a poorer performance on simple pointing 

tasks (Foreman et al.; Sagnol et al.) affect such complex movements? To 

investigate this, we used a modification of the double-step paradigm in which 

the second step was presented after the end of the acceleration phase (see 

paragraph 2). Since frontal brain regions are involved in the planning of 

complex movements, such as movement sequences and strategies, and since 
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these regions receive afferent information from the dorsal visual stream 

(Glover, 2004), this investigation provides insight into the consequences of 

dorsal visual stream impairment for the development of such frontal brain 

regions in preterm born children.

7. Outline of the thesis

This thesis is divided into six chapters. Following this first introductory 

chapter, the investigation of aspects of visuomotor functioning in preterm born 

children using the simple pointing task and the implications for the dorsal 

stream and/or cerebellar functioning are addressed in Chapter 2. The 

development of elementary visuomotor processes in this group using the 

same simple task is examined quasi-longitudinally in Chapter 3. In Chapter 4, 

the investigation of movement strategies and on-line adaptations in typically 

developing children using the modified double-step task is discussed to 

provide a basis for the investigation of these movement aspects in preterm 

born children using the same modified double-step task, which is presented in 

Chapter 5. Chapter 6, the final chapter, presents summaries of the preceding 

chapters, a discussion of the general conclusions to be drawn from these 

studies, their limitations, and the implications for further research.
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