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Abstract 

The present work in this thesis aims to investigate the use of visual information 

in children with Spastic Unilateral Cerebral Palsy (SUCP) during goal-directed 

movements. Children with SUCP have impairments to the motor system which 

influences their movement behaviour to a great extend and therefore limit their 

possibilities when performing interceptive movements. In addition, recent 

studies have found evidence that children with SUCP show motor planning 

deficiencies which may just be as detrimental for a proper performance of 

interceptive movements as are the disorders related to movement execution. The 

visual information and guidance used in these interceptive movements could 

influence the planning and might even be related to the planning deficiencies. 

The first study this thesis reports is about the use of visual information 

during the execution of an interceptive movement in typically developing (TD) 

children. It aimed to investigate the developmental differences during the 

execution of an interceptive task, and showed that younger and older children 

both have problems to adequately guide their walking movement without visual 

information available. In chapter three, children with a left hemisphere lesion 

(LHL) and their ability to plan a complex interceptive movement with their 

impaired and less-impaired hand was investigated. The results suggest that 

children were able to take their disability into account at the beginning of the 

movement. Chapter four aimed to investigate the visual guidance of the 

complex interceptive movement. It compared TD children, children with LHL 

and children with a right hemisphere lesion (RHL) with each other. It showed 

that children with LHL preferred to use a distance strategy for grasping contrary 

to TD children and children with RHL who preferred a time strategy. The exact 

gaze behaviour of children with RHL and children with LHL was investigated 

in chapter five. It was determined that children with LHL differed in their visual 

search behaviour in comparison to children with RHL.  
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It can be concluded that the use of visual information in children with 

SUCP is connected to the side of the lesion. The motor planning deficiencies 

found in previous studies and the differences in the use of visual information 

found in the present thesis implies that these problems might be related to the 

use of visual information.  
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Introduction 

While growing up, children learn and develop motor skills like reaching, 

grasping, catching, throwing, writing, walking and cycling. At the age of 10 

years, children seem to be able to perform many of these daily activities without 

even a single thought. These children are able to use visual information together 

with haptic and proprioceptive information in order to guide their movement. 

Unfortunately not all children develop their motor skills in a similar way. 

Children with the movement disorder of Spastic Unilateral Cerebral Palsy 

(SUCP) encounter problems in the execution of interceptive movements. 

Children with SUCP have a non-progressive disturbance in the developing fetal 

or infant brain causing disorders in the development of movement and posture 

(Carr, Reddy, Stevens, Blair, & Love, 2005). This unilateral brain damage 

results in a strong asymmetry between body-sides during movements involving 

both upper and/or lower limbs. Despite these distorted movements, children 

with SUCP are able to perform many functional tasks and are able to manage 

themselves in daily life. Nevertheless, recent studies showed that these children 

have more difficulty to master the interceptive action, as their ability to move or 

integrate the perception with the movement is constrained (Van der Weel, Van 

der Meer, & Lee, 1996). This seems to cause an atypical motor development not 

only on the impaired side of their body but also on their non-impaired side, or 

as recently rephrased, less-impaired side (Steenbergen & Gordon, 2006). The 

use of visual information in such an interceptive task is of great importance as it 

allows the child to anticipate the trajectory of the to-be-intercepted object and to 

adapt their own displacement to the actual and forthcoming displacement of the 

object.  

The present thesis reports a series of experiments to explore the use of 

visual information during interceptive movements in children with SUCP. It 

examines whether or not the use of visual information is impaired in these 

children. 
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Theoretical perspective  

More than a century ago, the control of a movement was hypothesized to entail 

both a central and a feedback-based component (Woodworth, 1899 as cited in 

Elliott, Helsen, & Chua, 2001). This was found through a series of experiments 

where participants had to perform aiming movements. It appeared that for most 

aiming attempts, the initial portion of the movement is relatively rapid and 

stereotyped and as the task progressed, the movement becomes slower and can 

be characterized by discontinuities in the time-displacement profile. Therefore, 

Woodworth (1899, as cited in: Elliott et al., 2001) suggested that aiming 

movements are composed of an initial impulse phase and a current control 

phase. The initial impulse was hypothesized to be under central control and 

designed to bring the limb into the vicinity of the target. Once in the region of 

the target, the limbs are guided by feedback based control. Elliott (2008) claims 

that the initial phase is based upon an internal model or representation of the 

expected sensory consequences of a discrete movement (e.g., feedforward). 

During the second phase, the effectors’ trajectory with respect to the target to be 

intercepted is evaluated (e.g., feedback). In 1995, Milner and Goodale presented 

a model of cortical visual processing in which a similar dichotomy was 

revealed. According to Milner and Goodale (2008) the model of cortical visual 

processing can be represented by making a distinction between vision for 

perception and vision for action. Vision for perception is processed by the 

ventral stream and transforms visual inputs into perceptual representations that 

embody the enduring characteristics of objects and their spatial relations. Vision 

for action is processed by the dorsal stream and mediates the visual control of 

skilled actions, such as reaching and grasping, directed at objects in the world. 

The difference in function between the two streams is best understood in terms 

of the output systems the two streams serve. Vision for action is active online 

and is not normally engaged unless the target object is visible. Actions that are 

driven by remembered targets are dependent on earlier ventral-stream 
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processing. While the model of Milner and Goodale (1995) concentrates on 

distinguishing between the dorsal and ventral systems on the basis of the 

functional demands they serve, many have ignored that these functional 

demands might also impose different constraints on information detection. Van 

Doorn, Van der Kamp, De Wit and Savelsbergh (2009) measured gaze patterns 

to investigate how information detection for action and perception differs. It 

was found that the distinction between action and perception was not restricted 

to differences in the nature of processing by the dorsal and ventral streams but 

in addition to the detection of information. The ventral system seemed to detect 

visual information by allocentric (i.e., object centred) frames of reference which 

would correspond to the fact that perception requires information about objects 

in relation to other objects. The dorsal system, on the other hand, seemed to 

detect visual information by an egocentric (i.e., body-centred) frame of 

reference. This would correspond to the fact that action requires information of 

objects in relation to the actor. This would be in line with the views of 

proponents of the ecological psychology who claim that action and perception 

may entail the pick-up of distinct types of visual information (Van der Kamp, 

Oudejans, & Savelsbergh, 2003). In 2004, Glover changed the model of Milner 

and Goodale (1995) and introduced a distinction between planning and control 

of an action. In his model, body movements are selected and executed by means 

of two temporally overlapping systems. Prior to a movement’s initiation, 

cognitive information is coupled with a visual ‘planning’ representation in the 

inferior parietal lobe (IPL) in order to create a plan (i.e., feedforward). During 

the execution of a movement, the influence of the ‘control’ system will increase 

and the action will be more under feedback control. That is, using a limited but 

quickly updated visual representation in the superior parietal lobe (SPL), 

coupled with visual and proprioceptive feedback, and an efference copy of the 

movement plan. According to Glover (2004), planning is entirely responsible 

for the initial determination of all movement parameters, and continues to be 
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highly influential early in the movement. The influence of control of the spatial 

parameters of the action however increases as movement progresses. The 

control system has the benefit of allowing for fast processing and similarly fast 

online adjustments. This implies that as the system is rapidly updated its 

memory is of short duration. If visual information regarding the target is 

removed, the control strategy will gradually decay over an estimated period of 

more or less two seconds. Therefore, the control system is dependent on almost 

instantaneous visual information to allow for the online adjustments of an 

interceptive task.  

 

Spastic Unilateral Cerebral Palsy 

Children with Cerebral Palsy (CP) have disorders in the development of 

movement and posture which is caused by a non-progressive disturbance in the 

brain around childbirth (Carr et al., 2005). The incidence of cerebral palsy in 

Europe is 2.4 per 1000 life births (Odding, Roebroeck, & Stam, 2006). The 

causes are often a lesion due to a lack of oxygen to the immature brain, but can 

also result from many other causes, as infection or intoxication. The location of 

the lesion can influence the resulting symptoms to some extent. Spastic CP 

predominantly results from damage to the corticospinal tract, which fibres are 

considered the primary, directly descending motor pathways and part of the 

pyramidal system. Basal ganglia lesions are associated with dyskinetic 

movement disorders and abnormalities of the cerebellum are related to clinical 

signs of ataxia. However, a lot of associated cerebral dysfunctions may be 

present, such as visual-spatial deficits, intellectual deficits and behavioural 

problems. 

In the different types of motor impairment, spasticity is the most common type 

with about 80% of the reported cases (Odding et al., 2006). It is often 

characterized by abnormal control of voluntary limb muscles and associated 

with an enduring positive Babinski reflex (indicating a lesion of the pyramidal 
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tract), the presence of a clash knife effect (sudden disappearance of abnormal 

resistance to passive stretch), and by exaggerated reflexes and/or clonus 

(Stanley, Blair, & Alberman, 2000). Usually, the most distal body parts, i.e. 

those furthest removed from the trunk, are most impaired. In spastic CP there is 

a substantial variability in symptoms, both between and within patients. People 

with CP can be classified by the number of limbs affected. There a four 

commonly occurring distributions of spasticity. Quadriplegia stands for the 

involvement of all limbs with the arms being equally or more affected than the 

legs. Diplegia denotes more severe involvement of the legs than the arms. 

Hemiplegia denotes more severe involvement of the arms than the legs. Left 

hemiplegia is the involvement of the left side of the body only, while right 

hemiplegia is the involvement of the right side of the body. This thesis focuses 

on the combination of spasticity with hemiplegia: Spastic Unilateral Cerebral 

Palsy. 

Spastic Unilateral Cerebral Palsy (SUCP) occurs when weakness and 

spasticity are predominantly affecting one side of the body, including the arm, 

leg, and trunk musculature (Mackey, Walt, & Stott, 2006). In unilateral cerebral 

palsy a left sided lesion in the brain (LHL) causes deficits in movement on the 

right of the body. Compared to other forms of CP, SUCP has less associated 

cognitive and behavioural impairments. Visual (hemianopsia) and attentional 

(neglect) problems might occur in 39,5% of the individuals with hemiplegia 

while this percentage is higher in case of diplegia (58,6%) and tetraplegia 

(66,7%) (da Cunha Matta, Nunes, Rossi, Lawisch, Dellatolas et al., 2008). 

Children with SUCP have to deal with their motor limitations from an 

early age, therefore in the absence of intervention they will rely mostly on one 

hand during everyday activities. Rehabilitation program are focusing on 

improving the mobility of the spastic limbs by means of for example 

physiotherapy or botox injections. Current therapies are still developing in order 

to help improve the life quality of these people. These therapies focus on 
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unimanual and bimanual movement. Constraint Induced Movement Therapy 

(CI) is unimanual and forces the use of the affected side by restraining the less-

impaired side (Charles & Gordon, 2007). The therapist constrains the less-

impaired arm in a sling. The person than uses his or her impaired arm 

repetitively and intensively for two weeks. The procedure was first used in 

adults with hemiparetic stroke, and much of the published research has focused 

on that population. The therapy has proven to be effective and lately the 

research has focused on the possible incorporation of CI into the treatment 

regime of children with CP (Gordon, Charles, & Wolf, 2005). Although, the 

methodology of the application of CI has to be further developed for these 

children, the results seemed very promising for children with SUCP (Charles & 

Gordon, 2007). In bimanual therapy children are taught to use both hands when 

possible and physiotherapists help the children to maintain their mobility with 

their less-impaired hand. An example is the mirror-box. In the mirror-box, 

children practice movements of the impaired arm by mirroring the movements 

of the less-impaired hand to the position of the impaired hand. This might help 

them improve the movements of the impaired arm (Feltham, 2009; Yavuzer et 

al., 2008).  

The therapies available for children with SUCP are mainly focussed on 

improving activity level, but the underlying causes of the movement disorder 

are often ignored (Steenbergen & Gordon, 2006; Van der Weel et al., 1996). In 

several studies it has been revealed that children with SUCP show motor 

planning deficiencies (Steenbergen, Meulenbroek, & Rosenbaum, 2004; 

Steenbergen & Van der Kamp, 2004; Steenbergen, Van Thiel, Hulstijn, & 

Meulenbroek, 2000; Van der Weel et al., 1996). Converging evidence suggests 

that these disorders in motor planning may be just as detrimental for the proper 

performance of activities of daily living as are disorders related to movement 

execution (Steenbergen, Verrel, & Gordon, 2007). These motor planning 

problems are more frequently found in children with a left sided lesion (LHL) in 
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the brain (Steenbergen et al., 2007). It has been suggested that the reason these 

motor planning problems occur in individuals with LHL is due to the location of 

the lesion. The location in the brain which is associated with planning appears 

to be on the left side of the brain. Johnson-Frey, Newman-Norlund and Grafton 

(2005) found that the planning of tool use action activates a distributed network 

in the left cerebral hemisphere irrespective of which limb is used. Lesions in the 

left side of the brain could affect this network and might therefore impair motor 

planning. This hemispheric asymmetry appears to be in accordance with the 

model of Milner and Goodale (1995), since recent empirical data showed that 

the ventral and dorsal streams are more dissociated in the left hemisphere than 

in the right (Radoeva, Cohen, Corballis, Lukovits and Koleva 2005).  

These motor planning difficulties appear in everyday tasks. Steenbergen 

et al. (2004) studied adolescents with SUCP by asking them to pick up a pencil 

and place the tip in a pre-defined target region. They varied the size of the target 

to test the hypothesis that increased end-point precision demands would favour 

the use of a grip that affords end-state comfort. When movements were 

performed with the impaired hand, it was found that participants with LHL 

aimed for postural comfort at the start rather than the end of the object 

manipulation phase. Differences in planning and control between children with 

LHL and children with RHL were also found in the study of Te Velde, Van der 

Kamp, Becher, Van Bennekom and Savelsbergh (2005). Children with SUCP 

had to push a doll across a scale-size road between two approaching toy cars. 

Movement initiation and velocity served as indicators of planning and control 

respectively. Children with LHL indeed initiated their movements later than 

children with a right hemisphere lesion (RHL). As can be noticed from the 

above mentioned examples, planning can be broadly defined. Rushworth, 

Nixon, Wade, Renowden and Passingham (1998) found that children with LHL 

showed problems with choosing the proper action. In research from 

Steenbergen et al. (2004; 2004) and Mutsaart, Steenbergen and Meulenbroek 
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(2004) problems were found in planning the correct body position while 

performing an action. Reaction times delays were found in studies of Haaland, 

Prestopnik, Knight and Lee (2004), Mutsaart, Steenbergen and Bekkering 

(2005) and te Velde et al. (2005). These problems seemed to be superficial in 

comparison to the movement disorders but can cause serious injuries when 

ignored in daily life, for instance in traffic. Te Velde, Savelsbergh, Barela and 

Van der Kamp (2003) investigated children with SUCP while they had to cross 

a road in between moving bicycles. It was found that several children with 

SUCP made more unsafe decisions in comparison to TD children. 

Therefore, rehabilitation might benefit from the knowledge of these 

planning difficulties and the possible impact of these problems on the 

performance of these children. In addition, it should be investigated whether 

these problems can be reduced. As mentioned previously, visual information 

could influence interceptive behaviour in children with SUCP. Nevertheless, the 

relationship between visual information and planning and control in children 

with SUCP still has to be examined. The possibilities for rehabilitation in 

perceptual training seem to be very promising. The study of Crowdy, Kaur-

Mann, Cooper, Mansfield, Offord et al. (2002) has shown great potential in 

improving movement behaviour by perceptual training. This type of training has 

also been shown to positively affect the performance of sports athletes 

(Oudejans, Koedijker, Bleijendaal, & Bakker, 2005; Savelsbergh, van Gastel, & 

van Kampen, 2009). In order to review the possibilities of perceptual training in 

children with SUCP, the visual information used in children with SUCP in 

comparison to TD children has to be further investigated. In the present thesis, 

we hope to accomplish this. Based on the previous findings, we propose to 

further investigate interceptive actions in children with SUCP by using a 

paradigm with a moving object to be intercepted that necessitates interceptive 

walking and reaching (Ricken, Savelsbergh, & Bennett, 2007). The task is 
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therefore close to many real-life interceptive tasks although it remains a 

controlled and experimental situation (van der Wel & Rosenbaum, 2007). 

 

Outline of the thesis 

This present thesis is concerned with the performance of interceptive 

movements in children with Spastic Unilateral Cerebral Palsy (SUCP), and 

specifically examines the visual information used during these movements. As 

previously mentioned, visual information is very important during the execution 

of interceptive movements. Children with SUCP have impairments to the motor 

system which influences their movement behaviour to a great extend and 

therefore limit their possibilities when performing interceptive movements. In 

addition, recent studies have found evidence that children with SUCP show 

motor planning deficiencies which may be just as detrimental for a proper 

performance of interceptive movements as are the disorders related to 

movement execution.  

The present thesis reports a series of experiments designed to examine 

the relationship between the use of visual information and interceptive 

movements in children with SUCP, performed under different task conditions. 

In order to investigate this to a proper level, comparison have to be made with 

typically developing (TD) children, children with a left sided lesion (LHL) and 

children with a right sided lesion (RHL). The control of the movement is 

studied, by including a walking path before the actual grasping of the moving 

ball. This way we attempted to use a realistic situation since an individual has to 

walk and react to moving obstacles frequently (for instance in traffic and 

sports). In the experimental setups the ball velocity and direction of the ball 

were varied.  

In chapter two, it is investigated how typically developing (TD) 

children organise their movement when they have to intercept a moving ball 

while walking. It aims to investigate the developmental differences during the 
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execution of an interceptive task and the role of visual information during this 

movement. Chapter three further investigates children with LHL and their 

ability to plan a complex interceptive movement with their impaired and less-

impaired hand. Chapter four aims to investigate two guidance strategies which 

can be used to intercept a moving ball, that is, to initiate the interception 

movement at a fixed time interval (time strategy) or at a fixed distance (distance 

strategy) before contact with the ball (Van Hof, van der Kamp & Savelsbergh, 

2008). It compares TD children, children with LHL and children with RHL with 

each other in order to investigate possible differences in visual guidance. The 

gaze behaviour is investigated in chapter five. The gaze behaviour of children 

with LHL and children with RHL is compared to each other. These results are 

correlated to performance. The general discussion in chapter six summarizes 

the findings of each chapter and reflects on the theoretical perspective and 

suggestions regarding future research. 
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Abstract 

In the present study, we examined the spatiotemporal organization of the 

walking and reaching behaviour during an interception task in younger (6-9 

years old) and older (10-13 years old) children. To this end, eighteen children 

had to walk towards an interception point to grasp a moving ball under three 

visual manipulation conditions. Walking and reaching behaviour were analysed 

during a condition allowing full vision of the ball trajectory and during two 

conditions in which vision towards the ball was partly occluded (enhanced 

planning requirement). The velocity of the ball was adapted to 50 or 70 % of the 

maximum walking velocity of the participant. Results revealed that both 

younger and older children show a less accurate performance when the ball 

trajectory was occluded, while the walking profile and timing of the reach was 

not influenced by the occlusion manipulations. The findings seem to suggest 

that both groups were less accurate when the necessity of planning was 

enhanced.  
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Introduction 

Interceptive actions require shaping one’s movement behaviour to 

accommodate future events (Montagne et al., 1999). Interception requires a 

prediction of the future location and a continuous adaptation towards the spatio-

temporal properties of the to-be-intercepted object. When intercepting a ball, a 

person has to select and initiate a movement based on visual (e.g. object size) 

and/or cognitive (e.g. prior knowledge about weight) information (i.e., feed 

forward planning; (Elliott, 2008)). Once the movement is initiated, the 

movement towards the target is guided by vision and, if necessary, the 

movement may be adjusted on-line (i.e., feedback; (Elliott, 2008)). This (on-

line) control system is quickly updated and its memory is of short duration 

(Glover, 2004). If visual information regarding the target is removed, the 

control system is thought to gradually decay over a period of more or less two 

seconds (Glover, 2004). This two-fold division between planned versus on-line 

control in the guidance of an interceptive task has been commonly used for 

many years in the area of motor control (for a review (Elliott et al., 2001). 

When a person performs an interceptive task, the two systems 

complement one another and interact with each other to perform the task in the 

best possible way (Glover, 2004). The preferential use of one or the other might 

depend on the characteristics (or constraints) of the task. Grasping a target 

following a predictable trajectory from a small distance can be planned, while a 

relatively unpredictable trajectory along with a larger distance will require a 

more on-line control strategy. Adults seem to combine these strategies easily 

(Mazyn, Savelsbergh, Montagne & Lenoir, 2007), whereas the literature is less 

clear about children. Several studies showed that children under the age of 10 

years preferentially use (on-line) control strategies while children above the age 

of 10 years and adults would use planning strategies in similar situations (Bard, 

Hay & Fleury, 1990; Montagne et al., 1999; Van Roon, Caeyenberghs, Swinnen 

& Smits-Engelsman, 2008). This developmental change seems to underlie the 
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‘passage’ from the preferential use of a single process towards an ‘adaptable’ 

mode of control, with two available processes that can be used as a function of 

task requirements. Nevertheless, it remains unclear whether the use of the 

control strategy in children under 10 years is the result of a preference, or a 

necessity. In other words, the use of a control strategy might reflect the 

preferential use of on-line control with planning possibilities depending on the 

task demands. Alternatively, the control strategy might be the only available 

mode. In previous developmental studies (Bard et al., 1990; Van Roon et al., 

2008), participants had to make relatively small and rapid movements with their 

arm and hand. Yet, little is known about how children organize their movement, 

especially when the movement required is more complex and involves a larger 

time scale (Vallis & McFadyen, 2005).  

Chohan et al. (2008) examined developmental differences in a more 

complex movement, involving walking and grasping. Two groups of children 

(children aged 5-7 and 10-12 years old) had to approach a moving ball to 

manually intercept it in a predefined target area. The ball approached on a 

conveyor belt at three different velocities and the participants had to walk from 

a distance of 4 m perpendicular to the belt. Older children (age 10-12) seemed 

to keep the angle between the ball and participant (the so-called Bearing Angle 

(Montagne et al., 1999)) more constant in comparison to younger children (age 

5-7). Moreover, the movement of the older children seemed to be more coupled 

to the movement of the ball, while the younger children seemed to aim for a 

lower walking velocity during the reach movement in comparison with older 

children. In conclusion, the results of the study showed developmental 

differences between the perceptual-motor response in younger and older 

children during manual interception following whole-body movement. The 

question that arises is whether these differences are related to different types of 

control as suggested earlier (Bard et al., 1990; Montagne et al., 1999, Van Roon 
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et al., 2008): is full vision of a ball’s trajectory necessary to make use of the 

bearing angle?  

The objective of this study is to examine the effect of partial visual 

restriction on the ability to walk and reach towards a moving object in younger 

children. For that purpose, two groups of children are included: one under, and 

one above the age of 10 years. Vision towards the ball is partially occluded at 

two different moments of the ball’s trajectory during which the start of the 

reaching movement is expected to occur: in one condition the ball is occluded in 

the middle part of its trajectory while in the other condition the ball is occluded 

in the last part of its trajectory just before the interception point. In both 

occlusions conditions, the ball will be out of sight for more than 2 seconds. The 

lack of visual information of more than two seconds is thought to enforce the 

use of planning (Glover, 2004) in order to allow a proper prediction of the 

future location of the ball and therefore to perform successfully. The 

experimental setup is further comparable to the one used in Chohan et al. (2006; 

2008). 

  

It is predicted that walking and grasping behaviour in the younger 

children will be depending on the amount of visual information available, since 

the younger children are thought to depend on on-line visual information during 

movement execution (Bard et al., 1990; Kuhtz-Buschbeck, Stolze, Boczek-

Funcke, Johnk, Heinrichs & Illert, 1998; Kuhtz-Buschbeck, Johnk, Stolze, 

Boczek-Funcke & Illert, 1998; Montagne et al., 1999, Van Roon et al., 2008). 

As a consequence, it is expected that the use of the bearing angle in younger 

children, based upon continuous visual control of the ball’s trajectory, will show 

more deviation in the presence of visual occlusion. No effect of visual condition 

on walking and grasping behaviour is expected in older children. 
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Methods 

Participants 

Eighteen children participated in this experiment. There were nine children aged 

between 6 and 9 years (mean age 7.2 years, SD = 1.2 year), and nine aged 

between 10 and 13 years (mean age 10.9 years, SD = 1.1 year). The participants 

were all right handed which was confirmed by the Edinburgh Handedness 

Inventory (Oldfield, 1971). The children’s parents provided written informed 

consent prior to the experiment. The experiment was in accordance with the 

Declaration of Helsinki. 

 

Apparatus 

A tennis ball (diameter: 60 mm) with vehicle was placed on a small platform 

(width 0.03 m, length 6 m, height 0.79 m) which was driven by a conveyor belt 

(similar to the study of Chohan et al. (2006, 2008)) and controlled by a PC. 

Movements of the participants were measured in 2D by two potentiometers 

(data sampling frequency: 100Hz). A starting point was marked at a distance of 

4 meters perpendicular to the middle of the track. The interception area was 

marked with a red dot in the middle of the track. A small device with a button 

was placed on the hip of the participants which they had to position their right 

hand on while walking. At the moment their hand initiated the reach, the button 

was released and therefore recorded. A DV camera (25Hz) recorded the 

grasping of the participants.  
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Figure 2.1: Top view of experimental setup in the middle occlusion condition. 

 

Design & procedure 

Firstly, participants had to walk as fast as possible over a path of 10 meters. 

They were not allowed to run or race walk. This was done three times and their 

mean time was recorded and used to calculate their maximum walking velocity. 

Subsequently, the main test began. Participants were allowed to move towards 

the belt when the ball with vehicle started moving over the path of 3 meters. 

The participants were instructed to grasp the ball in the interception area (300 

mm). The participants were instructed to keep their hands on their hip until the 

start of the reach and were asked to grasp the ball at the moment the ball with 

vehicle crossed the middle of the interception area (the interception point). The 

ball with vehicle approached at a constant velocity of 50 % (low speed) or 70 % 

(high speed) of the participant’s maximum walking velocity. The different ball 

speed conditions were included to vary the task and to guarantee a similar 
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complexity for each participant. In some conditions, a tunnel occluded the ball 

trajectory. This tunnel was 2 meters long and either located in the middle of the 

track (500 mm from the start point of the ball and 500 mm from the interception 

point), or near the end of the track (800 mm from the start point of the ball and 

200 mm from the interception point). Thus, in both occlusion conditions, 

information of the beginning of the ball’s trajectory was available. The 

participants only grasped with their preferred hand. Participants were required 

to intercept a ball five times in each of the 6 conditions (2 velocities x 3 visions) 

resulting in one session of 30 trials in total. Conditions were presented 

randomly for each participant. 

 

Data analysis and dependent variables 

The following dependent variables were determined for further analysis. 

Accuracy of catches: The accuracy of catches was the amount of balls which 

were grasped within the interception area. Based on the images from the DV 

camera, the accuracy corresponded to the number of trials with the hand 

grasping the ball within the interception area. Two independent researchers 

judged these images and the interrater agreement was calculated with intraclass 

correlation coefficient (ICC= 0.84).  

Decision time: The decision time of the participants was the time between the 

start of the ball, and initiation of the movement of the participant towards the 

track. This was identified as the moment as which the participant moved more 

than 100 mm in the direction of the conveyor belt.  

Walking profile: The walking profile was the average walking velocity of the 

participants between the moment the ball with vehicle started to move, until it 

crossed the interception area. The walking velocity was calculated for four 

equal time intervals of the total duration of the ball motion, similar to previous 

studies (Chohan et al., 2008; Van Kampen et al., 2008). This resulted in a 

walking profile showing average walking speed at intervals 0-25%, 25-50%, 50-
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75% and 75-100% of the ball motion. This walking velocity was divided by the 

maximum walking velocity (Vmax) of the participants to normalize the data. 

Reach initiation: The reach initiation was the moment the hand initiated the 

reach movement as measured by the release of the button on the hip. This 

moment was expressed as a percentage of the total trial duration in order to 

correct for the different ball velocities. The trial started from the moment the 

ball was set into motion.  

Movement time: The movement time was the time between the initiation of the 

reach movement, and the moment the ball crossed the interception point. 

Reach walking velocity: The reach walking velocity corresponds to the walking 

velocity at the moment of the start of the reach, divided by the maximum 

walking velocity (Vmax). A high value would indicate that walking and 

reaching are integrated with each other, whereas a low value would indicate that 

the person was almost standing still at reach initiation.  

 

The dependent variables were tested by a 2 (children: younger vs. older) x 2 

(ball speed condition: 50% vs. 70% of Vmax) x 2 (occlusion condition: no vs. 

middle vs. end) repeated measures ANOVA. The walking velocity profile was 

tested separately by a 2 (children: younger vs. older) x 2 (ball speed condition: 

50% vs 70% of Vmax) x 2 (occlusion condition: no vs. middle vs. end) x 4 

(Normalized Sub Trajectory (NST): 0-25% vs. 25-50% vs. 50-75% vs. 75-

100%) repeated measures ANOVA.  

The sphericity assumption for repeated measures ANOVA was checked using a 

Mauchly’s test of sphericity, and a Greenhouse-Geisser correction was applied 

when any violations were apparent. The Bonferroni tests were used to examine 

significant effects and interactions post hoc. The conditions were presented in 

blocks. 

In addition to the dependent variables, Bearing Angle plots were presented.  
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Bearing Angle plots: The Bearing Angle (BA) was the angle between the ball, 

the participant and the interception point, using the position of the participant as 

the angle centre (similar to Van Kampen et al. (2008).  
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A constant BA strategy corresponded to the initial BA maintaining through the 

entire trajectory (Chohan et al., 2008). The length of the trials was different for 

each participant, since the ball velocities were adjusted to the participants.  

 

Results 

Accuracy of catches: 

The accuracy of catches revealed an effect of ball speed condition (F(1,16) = 

16.65, P < 0.001), which indicated that more balls were accurately caught in the 

low speed condition (4.2 ± 0.2) in comparison to the high speed condition (2.4 ± 

0.4). In addition, a main effect of occlusion was present (F(2,32) = 13.90, P < 

0.001), that is, more balls were caught more accurately in the no-occlusion (3.7 

± 0.3) and middle occlusion (3.6 ± 0.2) in comparison to the end occlusion 

condition (2.6 ± 0.4), irrespective of group. 

 

Decision time: 

The decision time was similar among groups (F(1,16) = 2.90, P = 0.11) and 

occlusion conditions (F(2,32) = 1.92, P = 0.16).  

 

 

 

 

                                                 
1 x denotes direction of the ball along the track and y is perpendicular to the track. The 
BAs are calculated with the interception point as the origin of the x and y axes. 
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Walking profile: 

In Table 2.1, the walking profile for each group as a function of the occlusion 

conditions are presented. The walking profile showed a main effect of ball 

speed condition (F(1,16) = 53.25, P < 0.001). The walking profile showed a 

main effect of NST (F(3,48) = 41.73, P < 0.001). An interaction effect of ball 

speed condition and NST showed a different profile of walking velocity during 

the two ball speed conditions (F(3,48) = 47.08, P < 0.001). Post hoc tests 

revealed a significant increase in walking velocity until 50 % of the trajectory in 

both ball speed conditions. Only in the high ball speed condition, walking 

velocity continued to increase after the first half of the trajectory, with 

significantly higher values in the third part (50-75 %). The velocity decline was 

initiated in the final part (75-100 %). In the low ball speed condition, walking 

velocity in the third quarter of the trajectory (50-75%) was similar to the 

previous part. Again the decline was initiated in the final part of the trajectory.  

 

Reach initiation: 

The reach initiation for each group including both of the occlusion and ball 

speed conditions are shown in Table 2.1. The reach initiation revealed a main 

effect of ball speed condition (F(1,16) = 19.22, P < 0.001), which indicated that 

the timing of the reach was influenced by the velocity of the ball. In the low ball 

speed condition, the moment of the reach initiation was on average 81.9 % (± 

2.0) of the trial while in the high ball speed condition the reach initiation was at 

a significantly higher percentage of the trial duration (90.3 % ± 2.5), which 

means later in the trial. The occlusion conditions created two situations where 

the ball was visible after 83 % of the trial duration in the middle occlusion, and 

after 93 % in the end occlusion. In both of the occlusion conditions and low ball 

speed, all participants initiated their reach before reappearance of the ball (ball 

reappearance in middle occlusion: 83 %; younger children: 77.5 % ± 4.4; older 

children: 79.5 % ± 4.4, ball reappearance in end occlusion: 93 %; younger 
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children: 84.3 % ± 2.9; older children: 84.7 % ± 2.9). The interaction between 

occlusion and group was not significant. 

 

 Table 2.1: The walking profile for each group, trajectory and occlusion condition. The reach 

initiation, reach walking velocity and movement time for each group, ball speed and occlusion 

condition. The underlined values of the reach initiation indicate that the ball was not visible at 

initiation (see text for further explanation). 
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Walking 

profile 

0-25 % 15.3 (7.6) 19.1 (8.0) 31.5 (10.4) 29.1 (7.6) 33.9 (8.0) 33.3 (10.4) 

25-50 % 101.6 (6.9) 106.8 (7.8) 106.9 (7.3) 88.2 (6.9) 89.4 (7.8) 87.7 (7.3) 

50-75 % 98.2 (4.2) 98.6 (4.1) 100.7 (3.1) 92.0 (4.2) 90.9 (4.1) 91.5 (3.1) 

75-100 % 55.7 (7.9) 51.2 (7.9) 53.9 (8.3) 53.3 (7.9) 54.4 (7.9) 54.1 (8.3) 

       

Reach 

initiation 

Low speed 79.7 (2.0) 77.5 (4.4) 84.3 (2.9) 85.5 (2.0) 79.5 (4.4) 84.7 (2.9) 

High 

speed 

87.8 (4.7) 92.2 (4.3) 

 

90.9 (4.3) 

 

88.9 (4.7) 90.4 (4.3) 

 

91.8 (4.3) 

 

       

Reach 

walking 

velocity 

Low speed 54.2 (5.0) 39.8 (7.5) 38.0 (7.1) 51.4 (5.0) 40.6 (7.5) 47.6 (7.1) 

High 

speed 

72.5 (5.7) 73.3 (3.3) 66.3 (4.1) 71.1 (5.7) 68.1 (3.3) 66.2 (4.1) 

        

Move-

ment 

time 

Low speed 790 (88) 884 (174) 618 (114) 484 (88) 689 (174) 508 (114) 

High 

speed 

377 (106) 234 (112) 292 (108) 315 (106) 242 (112) 240 (108) 
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Movement time: 

The movement time for each group including both of the occlusion and ball 

speed conditions are shown in Table 2.1. It was determined that the movement 

time was affected by ball velocity (F(1,16) = 47.90, P < 0.001). In the low 

speed condition, the reach was initiated when the ball was 662 msec (± 82) 

before interception point. In the high speed condition, the reach was initiated 

when the ball was 284 msec (± 62) before interception point. The interaction 

between occlusion and group was not significant. 

 

Reach walking velocity: 

The reach walking velocity for each group including both of the occlusion and 

ball speed conditions are shown in Table 2.1. This variable showed a main 

effect of ball speed F(1,16) = 50.16, P < 0.001). The reach walking velocity was 

faster in the high ball speed condition (69.6 % ± 2.0) in comparison to the low 

ball speed condition (45.3 % ± 3.9).  

 

BA: 

The BA plots for each condition and group are shown in Figure 2.2. It is shown 

that both younger and older children seemed to have the same BA in all 

conditions. In addition, the plots show no differences between the occlusion 

conditions. The differences in BA between the low and the high speed 

conditions are clearly shown by a decrease of the BA in the high ball speed 

condition. This is a consequence of the ball moving faster than the participants. 
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Figure 2.2: Bearing Angle plots for each condition and group.  

 

Discussion 

The objective of this study was to investigate if younger children (6-9 years) are 

able to use a planning strategy during complex movements. For both younger 

and older children (10-13 years), the accuracy of the catch was reduced when 

the trajectory of the ball was occluded at its end. Between both age groups, no 

msec 

msec 

msec 

msec 

msec 

msec 
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differences were found in decision time, reach initiation, walking behaviour, 

BA use, and accuracy of catches.  

 

The walking profile, BA use, and the accuracy of grasping were similar 

among younger and older children and were not dependent on the partial 

occlusion of the trajectory of the ball. In contrast to Chohan et al. (2008), the 

results do not show large differences between younger and older children in the 

walking profile. Although the age range of the children in the current study 

(younger: 6 to 9 years; older: 10 to 13 years) is slightly different from the study 

of Chohan et al. (2008) (younger: 5 to 7 years; 10 to 12 years), the findings of 

the current study are unlikely to be a consequence of the different age range. 

For instance, excluding participants with the age of 8 and 9 years old did not 

change the results, that is, all current effects remained.  

Two possible explanations for the differences between the current study 

and Chohan et al. (2008), both related to the ball velocities, are suggested. First, 

the ball velocities in the study of Chohan et al (2008) ranged between 0.45 m/s 

and 0.85 m/s, while the ball velocities in the present study ranged between 0.7 

m/s and 1.6 m/s. The higher ball velocities allowed less time to complete the 

total movement. The participants had to walk faster from the start, and their 

walking velocity during the task was closer to their maximum walking velocity. 

This higher walking velocity created less variation in movement duration and 

could therefore limit the differences between younger and older children. In the 

present study, this higher ball velocity even resulted in walking velocities at 

approximately 100 % of the maximum walking velocity. In line with these 

results, recent literature on visually paced walking showed that when children 

had to intercept an object which was externally timed, their maximum 

performance seemed to increase compared to intercepting an object at their own 

pace (Ricken et al., 2006).   
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A second explanation for the differences between the results of the two 

studies might be related to the fact that the ball velocities were adjusted to the 

maximum walking velocity of each participant. Therefore, the relative walking 

velocity created similar task difficulty across children, whereas the absolute ball 

velocities used by Chohan et al. (2008) might represent a more difficult task for 

the younger than for the older children.  

It was expected that the younger children would be more dependent on 

visual information than older children, and would encounter problems to initiate 

their reaching movement in the occlusion conditions. However, we did not 

observe delayed reaching initiation in the younger children, which indicates that 

they were able to start the arm movement while the ball was still out of sight. 

Nevertheless, during the middle occlusion and the fast ball speed condition, the 

moment of reach initiation occurred later than the reappearance of the ball 

(reach initiation at 91 %, ball reappearance at 83%). This was similar for both 

age groups. Mazyn et al. (2007) showed that movement onset during ball 

catching was changed under different occlusion conditions. The study revealed 

that perceptual constraints seem to determine the time of movement initiation in 

adults. Nevertheless, evidence for a change in control mode emerged; an on-line 

control strategy was adopted under normal illumination, while catching 

movements seemed to be executed as planned in advance when catching in the 

dark. In the current experiment, however, accuracy of catch was severely 

affected at the end occlusion condition. It seems that both groups of children 

were able to plan their initiation of reach in time, but the final part of the 

reaching movement suffered severely when visual information of the ball was 

absent. It is possible that the ‘slower’ operating planning strategy caused a 

larger movement time of the reach in comparison to the movement time when 

the fast on-line control strategy is used (Mazyn et al., 2007). As a consequence, 

the ball would be caught after the interception point. It is possible that the 

planning strategies for both groups of children were not developed sufficiently. 
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Comparison with adults might provide further information about the flexibility 

and efficacy of using these strategies. 

The fact that no interaction effects between occlusion and group were 

found showed that the higher dependence on on-line visual information in 

younger children in comparison to older children was not found. It could be 

argued that the occluded time of the ball was too short to have an effect on the 

walking behaviour. Nevertheless, the occluded trajectory of the lowest ball 

speed lasted in almost all participants (with one exception) longer than two 

seconds. According to Glover (2004), a delay of more than 2 seconds of visual 

information requires a movement, which is entirely “as planned” (i.e. without 

the benefit of on-line control). This concept is based on studies in adults. This 

should be investigated separately for children. In addition, the data suggests that 

the constant BA strategy, which was considered as a pure on-line control 

strategy, holds up quite constant in the low speed condition, irrespective of the 

occlusion condition. It is possible that since the velocity of the ball was 

constant, participants only had to continue their walking velocity that was set at 

the start of the movement (which is not on-line). In addition, the constant BA 

might have been used according to an intermediate anticipatory strategy which 

maintains a constant bearing angle only a short time into the future, as recently 

suggested (Diaz, Phillips & Fajen, 2009). 

 

It can be concluded that the dependence on visual information of the target in 

younger children did not show the effect that was expected. It appeared that 

younger children operate to the same level as older children, and do show the 

capabilities to time their movement sufficiently to overcome the temporary 

absence of visual information. However, the accuracy of catches for both 

groups was not efficient enough to maintain the performance level in the 

situation where the trajectory of the ball was occluded while the reaching was 

initiated.   
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Abstract 

The aims of the study are to determine the presence of adjustments in walking 

behaviour of children with Spastic Unilateral Cerebral Palsy (SUCP) during the 

interception of a moving ball and, whether the angle between the ball and the 

participant is kept constant. This would support the use of the so-called bearing 

angle (BA) strategy in interception of the object. Children with left hemisphere 

damage intercepted a ball from a conveyor belt at three different velocities, 

from a frontal or lateral orientation and with their impaired or less-impaired 

hand. The participants walked from a distance of 4m perpendicularly to the belt. 

Children were less successful when grasping with the impaired hand. The 

results showed that the walking velocity was adjusted to the ball velocity. When 

they grasped with the impaired hand, children initially moved faster to the 

interception point, while closer to the belt significant slower. The BA showed 

less variation over the trajectory when the children grasped with their less-

impaired hand or when the ball velocity increased. It was concluded that 

children with SUCP were able to take their impairment into account as indicated 

by adjustments in walking behaviour. However, these adjustments in walking 

velocity were not sufficient to compensate totally for the limited reaching 

ability in the impaired hand. As a result of these adjustments, the divergence 

from a constant BA seemed higher in comparison to typically developing 

children when grasping with the impaired hand than when grasping with the 

less-impaired hand. 
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Introduction 

Children with Spastic Unilateral Cerebral Palsy (SUCP) have reduced 

functional abilities in the limbs of the affected side of the body. These reduced 

functional abilities are thought to be a combination of impairments such as 

spasticity, dystonia, weakness, and also motor control deficits (Mackey et al., 

2006). Yet, most children with SUCP walk independently and participate in 

daily activities although they might not perform as well as typically developing 

(TD) children (Gorter et al., 2004). Daily activities include frequent interceptive 

actions, like catching balls in sports or reaching for a glass of water, which 

require tight coupling between movement coordination and perception.  

The consequences of cerebral palsy on interceptive actions, and 

especially on the coupling between movement and perception are not yet fully 

understood. Large asymmetries between impaired and less-impaired hand and 

arm were found in adolescents with SUCP during unimanual grasping tasks 

while sitting (Steenbergen et al., 2004; Steenbergen & Van der Kamp, 2004; 

Steenbergen et al., 2000). The deficits in movement execution were observed in 

patients with left and right brain damages whereas deficits in planning of the 

grasping sequences were more pronounced in patients with left brain damages 

(Steenbergen et al., 2004; Steenbergen & Van der Kamp, 2004; Steenbergen et 

al., 2000). By contrast, symmetrical global outcome measures were found, when 

children with SUCP first had to walk towards a moving ball before catching it 

(Ricken et al., 2007).  The planning of the sequence of action seemed to be 

appropriate to allow an equal amount of successful catches for both hands and 

to adapt their average walking velocity to three different approach velocities of 

the ball. Although Ricken et al. (2007) showed that the children with SUCP 

reduced the time spent to decelerate walking towards the interception when ball 

velocity increased, no information was available with regard to the prior 

walking velocity profile that might reveal how this adaptation was achieved.  
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During the walking preceding the grasping, one has to estimate the movements 

of the target and adjust to it in order to catch in time. Fajen and Warren (2007) 

recently presented this action as depending on visual guidance. From their 

results, they concluded that the visual guidance used by adults was best 

described by the constant bearing angle (BA) model. This BA model is used on 

approach towards an object, so that an individual does not need a predictive 

strategy, but makes appropriate adaptation in order to reach the interception 

point on time (Lenoir et al., 1999, 2002; Montagne et al. 1999; Fajen & Warren, 

2007). The bearing angle is the angle (seen in a geometrical top plane) between 

the moving object, the participant and the interception point (Figure 3.1). 

Therefore, if the BA is kept constant, an individual will be assured to reach the 

interception point in time as the BA could provide the individual with enough 

visual information. Several authors have tested this BA strategy with simulation 

experiments (Chardenon, Montagne, Buekers, & Laurent, 2002; Chardenon, 

Montagne, Laurent, & Bootsma, 2004, 2005; Lenoir, Musch et al., 1999; 

Lenoir, Musch, Thiery, & Savelsbergh, 2002; Lenoir, Savelsbergh et al., 1999). 

All studies indicate that the BA is the best fit model for human data. 

Chohan et al. (2006; 2008) were the first to study adults and children 

walking towards a moving ball in order to intercept it at a predefined target 

area. The BA strategy was tested with three different ball approach velocities 

(0.45 m/s, 0.65 m/s and 0.85 m/s). In these studies of Chohan et al. (2006; 2008) 

adults and 10-12 year old children seemed to display a greater similarity with 

the constant BA in comparison to 5-7 year old children. Chohan et al. (2006) 

concluded that the constant BA was valid during locomotion, but when 

participants reached the point of interception, the BA failed to remain constant. 

This could be explained by the fact that participants had to decelerate in the end 

of the task to avoid collision with the conveyer belt. In children with SUCP, the 

reduced functional abilities of the impaired side can cause an increase of the 
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time necessary to grasp the ball. As the study of Ricken et al. (2006) showed, 

children with SUCP preferred to grasp the ball with a low impact velocity when 

grasping with impaired hand. The question remains how they accomplish this 

low impact during grasping and of course how they compensate for other 

reduced abilities of the impaired hand like spasticity. A possibility is to adjust 

the walking velocity profile during the task to create more time towards the end 

of the movement. In turn this may have an impact on the use of the BA. In the 

Ricken et al. (2007) study, the ball approached the participants from the front 

and therefore the use of the BA strategy could not be examined. For that reason, 

in the current study, the ball will approach laterally. 

The aims of this study are firstly, to examine the existence of 

adjustments in walking behaviour while intercepting with the impaired hand 

and secondly, to test whether the BA is used for visual guidance during walking 

and intercepting a moving object in children with SUCP. In relation to the 

second aim, two walking paths, at each end of the belt, were used to provide the 

possibility of maintaining the BA of the head longer before grasping, in one of 

the two paths. 

 

Methods 

Participants 

Nine children with SUCP (mean age 11.4 years, SD = 4.3 year) participated in 

this experiment (Table 3.1). All the children had a mild to moderate Left 

Hemispheric Lesion (LHL) according to their physiotherapist and were able to 

complete the task according to the instructions. The severity of the child’s 

impairment was assessed by a single experimenter with the gross motor 

function classification system (GMFCS) and functional independence for 

children (WeeFim: motor items only, which had a possible score range of 13 to 

91, with a higher score denoting more functional independence of child). The 
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children with SUCP were recruited through the Dutch society of parents of 

children with cerebral palsy (BOSK). Therefore, no specific medical data was 

available except the data which the parents provided. The children’s parents 

provided written informed consent prior to the experiment. The experiment was 

approved by the Local Research Ethics Committee and in accordance with the 

Declaration of Helsinki (1964). 

 

Table 3.1: Individual characteristic of the children with SUCP. 

 Age Side 

brain 

lesion 

GMFCS WeeFIM aetiology 

Person 1 5.1 LHL II 51 Unknown 

Person 2 6.1 LHL I 83 Birth asphyxia 

Person 3 8.8 LHL I 89 Stroke at birth, not otherwise specified 

Person 4 11.2 LHL III 84 Meningitis 

Person 5 12.3 LHL I 90 Unknown 

Person 6 14.4 LHL I 91 Cerebral haemorrhage 

Person 7 16.8 LHL I 91 Stroke at birth, not otherwise specified 

Person 8 17.2 LHL I 91 Cerebral haemorrhage 

 

Apparatus 

A ball (Ø 60 mm) to be intercepted was located on a conveyor belt (width 0.03 

m, length 6 m, height 0.79 m) which was controlled by a PC (Figure 3.1). After 

an acceleration distance of ± 0.05 meter the ball moved with a constant velocity 

over 3 meters. A light sensor was attached in the middle of the conveyor belt on 

a distance of 3 meters from each interception point. Two OPTOTRAKTM 

(Northern digital Inc. Canada) camera units (data sampling frequency: 100Hz) 

were placed at each side of the belt. Light emitting diode (LED) markers were 

placed on the ball and on several points on the body of the participant including: 

both wrists (tuberculum dorsale), the head (three markers on the front of a cap), 

the trunk (manubrium sterni) and both hips (crista iliaca). Two starting points 
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(one on each side of the track), located 4 meters perpendicular to the track, were 

marked on the floor. A DV camera recorded the reaching and grasping of the 

participants. 
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  Person 1 Person 2 Person 3 Person 4 Person 5 Person 6 Person 7 Person 8 Total Impaired vs 

Less Impaired 

Age [years]  5.1 6.1 8.8 11.2 12.3 14.4 16.8 17.2 11.4 ± 4.3  

V total 

[mm/s] 

Impaired 673 781 809 712 832 792 732 809 767 ± 56 F(1,7) =4.17, 

P = 0.080 
Less-impaired 784 794 824 745 861 793 739 810 794 ± 40 

V 0-25 % 

[mm/s] 

Impaired 208 509 622 323 664 537 337 376 447 ± 57 F(1,7) =9.59, 

P = 0.017 Less-impaired 87 444 485 247 620 534 371 276 383 ± 61 

V 25-50 % 

[mm/s] 

Impaired 943 965 1214 848 1230 1075 882 1043 1025 ± 51 F(1,7) =0.11, 

P = 0.754 Less-impaired 800 1099 1192 772 1246 1111 875 1029 1016 ± 64 

V 50-75 % 

[mm/s] 

Impaired 1038 969 948 1004 989 1030 919 1086 998 ± 19 F(1,7) =6.18, 

P = 0.042 
Less-impaired 1197 1097 1093 933 1106 1037 939 1147 1069 ± 64 

V75-100% 

[mm/s] 

Impaired 800 644 457 841 441 526 753 733 649 ± 56 F(1,7) =0.21, 

P = 0.659 Less-impaired 756 573 517 864 473 484 808 786 658 ± 57 

dCBA total 

[degrees/sample] 

Impaired 16.1 9.7 15.7 9.7 12.9 14.2 5.6 8.8 11.6 ± 3.7 F(1,7) =6.32, 

P = 0.040 Less-impaired 14.9 10.0 11.3 8.3 12.4 10.0 5.3 7.8 10.0 ± 3.0 

dCBA 0-25 %  

[degrees/sample] 

Impaired 3.7 2.3 2.1 2.9 1.8 2.0 2.8 2.8 2.5 ± 0.6 F(1,7) =2.44, 

P = 0.162 
Less-impaired 3.6 2.0 2.0 2.6 1.9 2.0 3.0 2.4 2.4 ± 0.6 

dCBA 25-50% 

[degrees/sample] 

Impaired 10.0 4.3 7.3 5.9 3.1 2.8 5.0 4.7 5.4 ± 2.3 F(1,7) =3.37, 

P = 0.109 Less-impaired 8.4 3.8 3.5 4.2 3.7 2.8 5.4 3.9 4.5 ± 1.8 

dCBA 50-75% 

[degrees/sample] 

Impaired 21.6 8.7 17.7 9.0 11.5 10.3 5.6 5.2 11.2 ± 5.8 F(1,7) =3.78, 

P = 0.093 Less-impaired 16.6 9.4 11.0 7.3 12.4 6.8 5.2 5.3 9.2 ± 4.0 

dCBA 75-100% 

[degrees/sample] 

Impaired 30.2 24.1 36.3 21.2 35.7 42.6 9.3 22.7 27.8 ± 10.6 F(1,7) =3.56, 

P = 0.100 Less-impaired 32.1 25.4 29.1 19.4 32.3 29.1 7.8 20.2 24.4 ± 8.3 

Number of 

successful trials 

divided by 

number of total 

trials [Suc/total] 

Impaired 1/20 17/20 23/24 14/22 19/21 24/24 8/23 24/24 130/178 Z = -1.69,  

P = 0.055  

Less-impaired 2/21 21/24 24/24 17/24 24/24 23/24 17/24 23/24 151/189 

Table 3.2: Means (and SDs) of all participants concerning the age, dCBA, velocity in different quartiles of the trial and the total 
number of successful trials. 
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Experimental setup 

The participants had to intercept a tennis ball, which was moved over a 

conveyor belt at three different constant velocities (0.45 m/s, 0.65 m/s, 0.85 

m/s). Participants had to approach the ball from 4 metres perpendicular to the 

belt. Two approach conditions were used, that is, to intercept the ball from the 

side (lateral condition see a,d in Figure 3.1) and to intercept the ball from the 

frontal (frontal condition, b,c in Figure 3.1). In addition to the approach 

conditions, four start positions for each participant are used, in order to create 

an equal distribution over both arm and approach situations (a, b, c and d in 

Figure 3.1) . These extra starting points did influence the initial BA, but it had 

Figure 3.1: Top view of the experimental design. a to d are the four different starting positions. a. 

Grasping with right hand, lateral interception. b. Grasping with left hand, frontal interception. c. 

Grasping with right hand, frontal interception. d. Grasping with left hand, lateral interception. P 

stands for the position of the participant and B stands for the position of the ball. 



Chapter 3 
Visual guidance during an interception task in children with Spastic 
Unilateral Cerebral Palsy 

 

  
50 

no effects on the results since deviations of the BA were always calculated by 

subtracting the initial BA. Participants were required to intercept 4 balls in each 

of the 12 conditions (3 velocities x 2 walk trajectories x 2 hands (grasping with 

impaired/less-impaired hand)) during one session of 48 trials. Conditions were 

randomly presented for each participant. 

 

Procedure 

The participants were giving two instructions. The first instruction was to start 

moving towards the belt when the ball became visible from behind the screen 

(entering the path of 3 meters). The second instruction was to grasp, or if not 

possible because of their deficit, to touch the ball at the interception point. To 

this end, the participants were free to adjust their walking velocity if needed.  

 

Data analysis and dependent variables 

The following dependent variables were used. 

Successful trials: By video analysis, trials were classified as successful trials 

when participants grasped or touched the ball within the interception area. Trials 

were discarded when the participant grasped with the wrong hand or did not 

grasp at all. The number of successful trials divided by the total correct trials 

(total trials subtracted by discarded trials)  in which the participant grasped with 

the impaired hand was tested against the number of successful trials divided by 

the total correct trials in which the participant grasped with the less-impaired 

hand by the Wilcoxon signed-ranks test. This proportional measure of the 

successful trials was examined as a function of ball velocity, walk trajectory and 

hand. 

Average walking velocities: The average walking velocity was calculated from 

the displacement of the trunk marker from the moment the ball was visible to 

the moment when the ball crossed the interception area. In the frontal condition, 



Visual guidance during an interception task in children with Spastic 
Unilateral Cerebral Palsy Chapter 3 

 

 
51 

participants were forced to decelerate and stop on reaching the track to prevent 

collision, while in the lateral condition the participants could continue walking. 

To observe the walking behaviour in more detail, the mean walking velocity 

was calculated for four phases that corresponded to the first, second, third and 

fourth 25 % of the ball trajectory (Chohan et al., 2006). This provided 

information about the distribution of the walking velocity. 

Moment of contact: This time was calculated as the difference between the time 

where the ball marker disappeared (when the hand covered the ball) and the 

time when the ball would have been on the interception point. This indicated the 

timing accuracy of the participant.  

Movement time of reaching:  Time between the hand moving away from the 

body (more than 5 cm) and the moment when the hand covered the ball marker. 

Deviation from the constant bearing angle (dCBA): The OPTOTRAKTM data 

was used to calculate the BA. The BA was the angle between the ball, the head 

of the participant and the interception point, using the head of the participant as 

the angle centre (Figure 3.1).  

�� � ������ 	
����������������������������
�����
2 

 

A constant BA strategy corresponded to the initial BA being maintained 

through the entire trajectory. Therefore the dCBA was calculated as the absolute 

differences in values between the initial BA and the BA calculated for each 

following sample. As duration of the trials varied with ball velocity, the dCBA 

had to be normalized by dividing the absolute difference by the number of 

samples. 

The dependent variables, with the exception of successful trials were tested by a 

2 (impaired vs less-impaired hand) x 2 (lateral vs frontal) x 3 (0.45 m/s vs 0.65 

                                                 
2 x denotes direction of the ball along the track and y is perpendicular to the track. The 
BAs are calculated with the interception point as the origin of the x and y axes. 
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m/s vs 0.85 m/s) repeated measures ANOVA. For each condition the average of 

the 4 trials were used. 

 

Results 

Participants3 tended to touch/grasp more balls with their less-impaired hand 

instead of their impaired hand (Z = -1.689, Exact Sig. (1-tailed) P = 0.055). 

Table 3.2 shows the number of trials for each participant. No significant 

differences on successful trials were found as a function of walk trajectories or 

different ball velocities. 

The effect of ball velocity on walking velocity was significant (F(2,14) = 

213.55, P < 0.01). The differences between the three velocities were significant 

for all pairwise comparisons (P < 0.01); the walking velocity increased with 

increasing ball velocity. The main effect of hand showed a trend (F(1,7) = 4.17, 

P = 0.08) towards a higher walking velocity when grasping with the less-

impaired hand. No main effect of walk trajectory on the average walking 

velocity was found. The four phases of the walking velocity were analyzed 

separately (Table 3.2), because the average walking velocity calculated over the 

whole trajectory may result from different velocity profiles. When grasping 

with their impaired hand children walked significantly faster (F(1,7) = 6.32, P < 

0.05) in the first quarter of the trajectory compared to grasping with their less-

impaired hand. Also the third quarter showed significant differences between 

grasping with the impaired and grasping with the less-impaired hand (F( 1,7) = 

6.18, P < 0.05), indicating that the average walking velocity was lower when 

grasping with the impaired hand. 

The repeated measures ANOVA revealed a main effect of ball velocity (F(2,14) 

= 4.73; P < 0.05) on the moment of contact. Post-hoc pairwise comparisons 

                                                 
3 Participant 3 was excluded from further analysis due to equipment failure. 
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revealed that the moment of contact was significantly earlier for the lowest 

velocity than for the two higher velocities (P < 0.05). No main effects of hand 

or walk trajectories on the moment of contact were found. The data did reveal a 

significant interaction effect between hand and walk trajectory (F(1,7) = 13.57; 

P < 0.01) which showed that when the walk trajectory ended at the front of the 

belt, the participants grasped much later with their impaired hand than with their 

less-impaired hand. This difference between impaired and less-impaired hand 

was not significant in the situation where the participants stopped lateral to the 

belt. Remarkably, the only condition in which the average moment of contact 

occurred after the ball passed the interception area is in the condition where the 

participants grasped with their impaired hand in the frontal position. 

Movement time of reaching did not significantly change with ball velocity, 

walk trajectory or hand. In addition, no interaction effects were found. All 

movement times were between 1.3 and 1.6 seconds. 

A significant main effect of ball velocity was found (F(2,14) = 9.66; P < 0.005) 

on the dCBA. Post-hoc pairwise comparisons revealed that dCBA was 

significantly larger for the lowest compared to the highest velocity (P < 0.05), 

and between the lowest and the middle velocity (P < 0.05). Furthermore, the 

dCBA showed a main effect of hand (F(1,7) = 6.32; P < 0.05), which indicates 

that the dCBA was larger when grasping with the impaired hand. No significant 

effect between the different walking trajectories was found.  

 

Discussion 

The first aim of this study was to examine the difference in walking velocity 

profile between grasping with the less-impaired and grasping with the impaired 

hand. It was examined if children with SUCP and in particular those with a 

LHL were able to adjust their walking and reaching behaviour to intercept a 

moving object. Indeed, when ball velocity increased it was accompanied by an 
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increase in the average walking velocity of the participants. These results 

indicated coupling between movement and perception in children with SUCP. 

Likewise, the dCBA was dependent on ball velocity. A ball velocity of 0.45 m/s 

gave the participants different possibilities to modulate their walk trajectory and 

still intercept the ball. The highest velocity gave the children more time 

constraints and was reflected in a decreased variation of the BA. Overall, it was 

observed that an external timing constraint influenced movement coordination 

in children with SUCP, which was also reported by Ricken et al. (2006).  

Performing the grasping with the impaired or with the less-impaired 

hand was shown to have an impact, not only on the last phase of the action (the 

moment of contact), but also as early as the first phase of the walking trajectory.  

In the frontal condition, the moment of contact was later with the impaired 

hand, indicating that the ball was mostly grasped /touched after the interception 

point. The impact on the first phase of the action was revealed by the variation 

of the walking velocity. In the beginning of the trial, the average walking 

velocity was higher when grasping with the impaired hand than with the less-

impaired hand. In the third phase of the trajectory the average walking velocity 

was lower when grasping with the impaired hand. Considering the movement 

times, this is around the point when the hand moves away from the body. It is 

hence apparent that the participants anticipated differently depending on the 

hand they intended to use. Reaching for the ball with the impaired hand was 

associated with a lower walking velocity in the third phase. This is in contrast to 

when the participants reached with the less-impaired hand. A similar adaptation 

in walking velocity just before hand-ball contact was found in Ricken et al. 

(2006) when the children had to grasp a stationary ball. This may suggest that 

children with SUCP take their own deficit into account. For example, children 

with SUCP may realize that they might grasp more inaccurately with their 

impaired hand than their less-impaired hand. Therefore, it would be beneficial 
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to decrease their global velocity at the moment the hand needs to move 

accurately. Consequently, in order to make sure that they are still in time for the 

ball they might compensate in the beginning by walking faster. This apparent 

forward planning of the whole action does not fully compensate for the 

difference in ability between both hands. As a matter of fact more successful 

trials tended to occur when grasping with the less-impaired hand. In addition, 

children grasped with the impaired hand relatively later in the frontal condition. 

The reduced movement possibilities of children with SUCP (Ricken et al., 

2006) might be revealed more prominently in this condition because 

participants had a larger distance to overcome and therefore, they had to extend 

their arm more when grasping from a frontal position in comparison with a 

lateral position. 

It seemed that children with SUCP take their impairment into consideration 

already at the beginning of a complex action, but not sufficiently to equal the 

results of the less-impaired hand. The movement time of reaching did not reveal 

any significant differences between the hands used. This is in contrast with 

some previous studies. For example, in the experiment of Steenbergen and Van 

der Kamp (2004) adults with SUCP performed unrestricted grasping of discs 

that differed in size and which were placed at different distances from the 

participants. Overall, when grasping with the impaired hand the movement time 

was prolonged compared to grasping with the less-impaired hand. On the 

contrary, no prolonged movement time of the impaired hand was found when 

participants with SUCP were asked to hit, as quickly as possible, stationary and 

moving targets projected onto a screen (Van Thiel, Meulenbroek, Hulstijn, & 

Steenbergen, 2000). Therefore, it is likely that the variations in the movement 

time of reaching are dependent upon the type of interception task and especially 

the demand on hand and finger control. In the present task they seemed to 
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choose to adjust their walking velocity profile instead of adjusting for example 

the reaching times. 

The second aim of this study was to test whether the BA is used for 

visual guidance during walking and intercepting a moving object by children 

with SUCP. In this study the deviation from the constant BA was calculated in 

order to establish if the constant BA would be a suitable model for children with 

SUCP intercepting a moving ball. First of all, it has to be considered that this 

interceptive behaviour is changing with age in typically developing children. In 

the study of Chohan et al. (2008) two different age groups were compared. It 

was concluded that children between the ages of 10 and 12 had less deviation 

from the constant BA than children between the ages of 5 and 7. In the present 

study the results of children aged between 5 and 17 years were averaged which 

could mask an eventual developmental trend. Nevertheless, the results showed a 

clear difference between grasping with the impaired and grasping with the less-

impaired hand. Hence, it seemed that they might used different strategies or are 

less accurate in modulating their walking velocity for these two situations. This 

could also be explained by the hypothesis mentioned before; Children with 

SUCP organise their action according to their asymmetrical abilities and focus 

therefore on the grasping movement while automatically decelerating their 

walking pace. The data of Chohan et al. (2008) allow a comparison between TD 

children and children with SUCP, since an almost identical test setup was used 

in the present study and with a similar age range of participants. Chohan et al. 

(2008) showed that the 10 till 12 year old children did not deviate more than 10 

degrees up to 75% of the trajectory, which corresponded to a small deviation 

with respect to the target. The data of the 5 till 7 year old children showed that 

the constant BA deviation started earlier in the walking trajectory and at 75% of 

the walking trajectory the deviation of the constant BA was larger than 10 

degrees. Returning back to the data of the present study, the deviation of the 
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constant BA was more pronounced and occurred earlier in the trajectory in 

children with SUCP than for the TD children.  In addition, during the third part 

of the trajectory (50 till 75 %), the deviation was below the 10 degrees when 

grasping with less-impaired hand (average 9.2 degrees), while when grasping 

with the impaired hand the deviation was already above the 10 degrees (average 

11.2 degrees). As a consequence, it seemed that when children grasp with less-

impaired hand their deviation of the constant BA is more similar to TD children 

than when grasping with impaired hand. 

Overall it can be concluded that children with SUCP were able to take 

their impairment into account at the beginning of their action. However, this 

compensation in walking velocity was not sufficient to equal the results of their 

less-impaired hand. 
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Abstract 

The purpose of this study was to determine the type of visual information used 

by children with Spastic Unilateral Cerebral Palsy (SUCP) in order to intercept 

a ball and to verify if this information was dependent on the side of the lesion. 

More specifically, it was examined whether the interception was controlled on 

the basis of a time or a distance strategy, initiating the catch when the ball is at a 

fixed time interval or at a fixed distance from the point of interception. Three 

groups of children were included. Children with either a left sided (LHL) or a 

right sided lesion (RHL) and children without a lesion (Typically Developing) 

intercepted a ball from a conveyor belt. In order to intercept the ball 

successfully they had to walk and to reach for the ball at the interception point 4 

meters away. Children with LHL had a longer decision time and started their 

reach movement earlier. In 56 % of the children with LHL a distance strategy 

was observed for the reach onset, while in the TD and the children with RHL 

predominantly a time strategy was found. The side of the lesion influences the 

visual information used to initiate interceptive actions.  
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Introduction 

Children with Cerebral Palsy (CP) encounter a non-progressive disturbance in 

the developing fetal or infant brain causing disorders of the development of the 

movement and posture (Carr et al., 2005). In spastic unilateral cerebral palsy 

(SUCP) a unilateral brain damage results in a strong asymmetry between body-

sides during movements involving contralesional upper and lower limbs. The 

spasticity makes it harder to carry out a proper grip or to guide the limbs in the 

correct direction (Steenbergen & Gordon, 2006). Although the asymmetry in 

movement execution dominates the clinical picture, bilateral abnormal 

movement execution and planning have been observed (Steenbergen & Gordon, 

2006). Several studies have indicated that children with SUCP have problems 

with the motor planning of an interception movement (Haaland et al., 2004; 

Johnson-Frey et al., 2005; Mutsaart et al., 2004, 2005; Rushworth et al. 1998; 

Steenbergen et al., 2004). According to Steenbergen et al. (2007) motor 

planning is the ability to predict the future state of the motor system or the 

consequences of its action. Remarkably, these motor planning problems are 

mainly found in children with a left sided lesion (LHL) in the brain 

(Steenbergen et al. 2007). Therefore it has been suggested that these motor 

planning problems might be due to the location of the damaged brain areas. In a 

study by Johnson-Frey et al. (2005), this suggestion was supported by 

neurophysiological evidence. They investigated healthy adults by means of 

functional brain imaging (fMRI) in an event related design requiring 

participants to plan and/or execute tool use gestures with their dominant and 

non-dominant hand. It was found that the planning of tool use action activated a 

distributed network in the left cerebral hemisphere involving posterior superior 

temporal sulcus, along with proximal regions of the middle and superior 

temporal gyri; inferior frontal and ventral premotor cortices; two distinct 

parietal areas, one located in the anterior supramarginal gyrus (SMG) and 
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another in posterior SMG and angular gyrus; and dorsolateral prefrontal cortex 

(Johnson-Frey et al., 2005). The activation of this network was similar when 

planning a movement with either the dominant or non-dominant hand. The 

existence of a dorso-medial set of areas (anterior occipital lobe, parieto-occipital 

cortex and posterior parietal cortex) involved in planning of reaching 

movements was recently confirmed by applying transcortical magnetic 

stimulations at different moments of the reaction time from a go signal to hand 

movement (Busan, Monti, Pizzolato & Battaglini, 2009). Damage to the left 

side of the brain (e.g., in children with SUCP and adults with a stroke) might 

therefore affect this network and could cause the motor impairments that are 

predominantly related to motor planning deficits.  

Indeed, several behavioural studies provided support for these motor 

planning deficits after left-sided brain damage using different clinical 

population, task and dependent variables. Rushworth et al. (1998) found that 

planning problems in adults with LHL were reflected in response selection 

deficits even for single visually instructed movements. Adolescents with LHL 

found problems in planning the correct body position while already engaged in 

performing the action in contrary to adolescents with RHL who did not show 

this behaviour (Steenbergen et al., 2004; Mutsaart et al., 2004). Furthermore, 

planning problems were revealed by longer reaction times in grasping (Mutsaart 

et al. 2005), pointing (Haaland et al. 2004) and avoidance tasks (Te Velde et al., 

2005). Te Velde et al (2005) showed that these reaction times were significantly 

longer in children with LHL than children with RHL. However, these studies 

have focused on the differences in motor planning between individuals with 

LHL and individuals with RHL on the basis of actions that required the 

manipulation of stationary objects. Daily life and sport related activities involve 

numerous situations with moving objects, and/or self-motion, which require 

more complex planning and timing actions. The effect of potential planning 
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deficits as a result of SUCP on crucial aspects of goal-directed behaviour during 

these more complex tasks remains unclear. From a diagnostic and therapeutic 

viewpoint it is paramount to identify the specific motor impairments of children 

with SUCP accurately. If motor planning deficiencies are more prominent after 

left sided lesions, this will demand different intervention methods compared to 

impairment of motor execution only. 

Therefore the present study set out to investigate the planning deficits in 

children with SUCP through visual guidance for interception and to determine if 

the type of visual guidance during an interceptive task was related to the side of 

the brain lesion. This was examined with a controlled catching task during self-

motion, requiring timing and planning actions that are part of skills in many ball 

games (Ricken et al., 2007; Van der Wel & Rosenbaum, 2007). Previous 

research into this combination of goal-directed motion of upper and lower limbs 

in children with SUCP suggests that children with SUCP take into account their 

own limitations and capabilities (Ricken et al., 2005, 2006, 2007; Te Velde et 

al., 2003; Van Kampen et al., 2008). For example in the study of Van Kampen 

et al. (2008 see chapter 3), where children were asked to walk towards and pick 

up a moving ball, different movement organization was found when the 

impaired or unimpaired was involved. When the ball was caught with the 

impaired hand, the children walked faster in the beginning of the trajectory and 

slower towards the end compared to when they had to grasp the ball with the 

less impaired hand. In doing so, they secured a safety margin (extra time) 

during the grasping phase with the spastic arm. Unfortunately, no distinction 

could be made between left and right sided lesions, since only children with 

LHL were included in this study.  

In the present study, the study of Van Kampen et al. (2008 see chapter 

3) was extended and visual guidance and planning strategies of children with 

LHL and children with RHL were compared. Intercepting a ball in motion while 
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running or walking towards the object is a highly demanding task and accurate 

timing is crucial. Waiting too long to make decisions will have an effect on 

performance (Ward, Williams & Bennett, 2002). Therefore, the decision, that is, 

the time needed to initiate movement of the body towards the trajectory of the 

ball, was examined. In addition, it was determined when children initiated the 

reaching movement. In an earlier experiment on infants, two timing strategies 

were observed to catch balls at various speeds (Van Hof et al., 2008). Younger 

infants (6- to- 7 months old) seemed to use a distance strategy, i.e. starting the 

reaching movement when the ball was at a fixed distance from the interception 

point. In older infants (8-to-9 months old) a time strategy was predominant, i.e. 

starting the reaching movement when the ball was at a fixed time interval from 

the point of interception. Further, infants who made imprecise perceptual 

judgments on whether or not they could catch the object were more likely to use 

a distance strategy, whereas infants who made accurate perceptual judgments 

were more likely to use a time strategy. Van Hof et al. (2008) concluded that the 

transition from a distance to a time strategy reflects a developmental change that 

enables children to catch balls successfully in a wider variety of situations but 

requires more predictive planning capability. A distance strategy is likely to 

lead to an unsuccessful interception when the ball is accelerating or decelerating 

due to inappropriate prediction of the arrival of the ball.  

The initiation of an interceptive movement is in essence a planning 

problem that requires the uptake of the correct visual information in order to 

predict the future location of an object and anticipate with the appropriate action 

(Glover, 2004). According to Glover (2004), planning deficits are revealed in 

the initial part of the movement. Therefore, motor planning problems are likely 

to have an effect on the initiation of an interceptive movement (Steenbergen et 

al., 2004, 2007; Mutsaart et al., 2004, 2005) and this could be manifested in the 

use of a less adaptive visual guidance strategy (distance strategy). As discussed 
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by Steenbergen and co-workers, planning deficits are more prevalent in children 

with LHL. Thus, the visual information and the preferential use of a specific 

strategy to initiate a catch might be related to the side of the lesion, with 

children with LHL exhibiting the less adaptive distance strategy.  

The goal of the current experiment was to determine if children with SUCP use 

different visual information to initiate an interceptive movement and if this is 

related to the side of the lesion. In order to investigate this, the timing of an 

interceptive movement during self-motion of children with LHL, children with 

RHL and TD children was compared. Different ball velocity conditions 

(constant velocity, acceleration and deceleration) were presented. This increased 

the difficulty of the task and enabled us to determine if children used a distance 

or time strategy. The task was performed with the less-impaired hand since the 

deficits in action capabilities of the impaired hand might influence the 

performance. Ball approaches from the left or right (ipsilateral or contralateral 

to the lesion) were included because even a minor reduction of the visual field 

might become apparent in movement behaviour (Tant, Kuks, Kooijman, 

Cornelissen & Brouwer, 2002). Nevertheless, only participants without the 

clinical diagnoses of hemineglect or hemianopsia were included to minimize 

these effects.  

 

Methods 

Participants 

Thirty-seven children participated in this experiment. Nine children had a left 

sided lesion (LHL; age: 9.7 years ± 3.3), nine children had a right side lesion 

(RHL; age: 12 years ± 3.1) and nineteen were typically developing (TD) 

children (age: 9.3 years ± 2.3). The TD children were all right handed as 

confirmed by the Edinburgh Handedness Inventory (Oldfield, 1971). Individual 

characteristics for the children with SUCP can be found in Table 4.1. The 



Chapter 4 
Visual guidance of interceptive actions in children with Spastic Unilateral 
Cerebral Palsy is influenced by the side of the lesion 

 

  
66 

severity of the child’s impairment was assessed by a single experimenter with 

the gross motor function classification system (GMFCS) and functional 

independence for children (WeeFIM; motor items only, which had a possible 

score range of 13 to 91, with a higher score denoting more functional 

independence of child). The children with SUCP were recruited through the 

Dutch society of parents of children with cerebral palsy (BOSK). Therefore, no 

specific medical data was available except the data which the parents provided. 

The experiment was in accordance with the Declaration of Helsinki and the 

children’s parents provided written informed consent prior to the experiment.  
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Table 4.1: Individual characteristic of the children with SUCP.  

 

Apparatus 

A tennis ball (diameter: 0.06 m) was placed in a small vehicle on a platform 

(width 0.03 m, length 6 m, height 0.79m) and was driven by a conveyor belt 

(Figure 4.1). The velocity, acceleration and deceleration of the conveyor belt 

was controlled by a PC. Three OPTOTRAKTM (Nothern digital Inc. Canada) 

camera units (data sampling frequency: 100Hz) were strategically placed 

around the platform. Light emitting diode (LED) markers were attached to the 

ball and vehicle and anatomical landmarks on the body of the participant, i.e. 

 Side 

brain 

lesion 

Age GMFCS WeeFIM aetiology 

P1 LHL 13 I 91 Unknown 

P2 LHL 9 I 89 Stroke at birth, not otherwise specified 

P3 LHL 12 I 90 Unknown 

P4 LHL 11 II 55 Meningitis 

P5 LHL 11 III 84 Meningitis 

P6 LHL 6 I 83 Birth asphyxia 

P7  LHL 6 II 71 Cerebral haemorrhage 

P8  LHL 14 I 91 Cerebral haemorrhage 

P9 LHL 5 II 51 Unknown 

 

P10 RHL 9 I 86 Birth asphyxia 

P11 RHL 17 I 79 Birth asphyxia 

P12 RHL 8 I 86 Schizencephaly 

P13 RHL 16 I 91 Cerebral haemorrhage 

P14 RHL 11 I 91 Stroke at birth, not otherwise specified 

P15 RHL 12 I 50 Schizencephaly 

P16 RHL 13 II 88 Birth asphyxia 

P17 RHL 13 I 91 Cerebral haemorrhage 

P18 RHL 9 II 69 Unknown 
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both wrists (tuberculum dorsale), both elbows (epicondylus lateralis of the 

humurus), both shoulders (tuberculum minus of the humurus), three on the head 

(on the frontal side of a cap), the thorax (manubrium sterni) and on the pelvis 

(left and right crista iliaca anterior). A starting point, indicating the starting 

position of the participant, was marked 4 meter perpendicular to the middle of 

the track with the conveyor belt. The interception point, indicating the location 

of ball interception, was marked with a red dot in the middle of the track. A DV 

camera was used to record the reaching and grasping phase. 
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Figure 4.1: Top view and front view of the experimental design. A stands for the trajectory in 

which the ball was either in acceleration, constant of in deceleration. 

 

Design & Procedure 

The children were asked to walk towards the moving tennis ball and to grasp the 

ball when it reached the interception area (diameter: 300 mm) in the centre of 

the track. They were allowed to start moving when the vehicle (with the ball) 

started to move and they were instructed to keep their hands on their hip until 
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the onset of the reaching movement. Three ball speeds conditions were tested: 

1) ball moving at a constant velocity (0.6 m/s), (2) in acceleration and (3) in 

deceleration. In condition 2 and 3, acceleration or deceleration was initiated 

after a short trajectory (0.5 m; trajectory A in figure 4.1) at a constant velocity 

of 0.6 m/s. In the acceleration condition, the ball was constantly accelerated up 

to 0.9 m/s at the interception point. In the deceleration condition, the ball was 

constantly decelerated to 0.3 m/s at the interception point. The ball approached 

the interception point from the left or the right side of the track and continued to 

move until the ball was grasped. Participants were required to intercept a ball 

five times in each of the 6 conditions (3 ball speed conditions x 2 approaching 

sides) resulting in one session of 30 trials in total. Conditions were presented in 

random order for each participant. 

 

Data analysis and dependent variables 

The following dependent variables were determined for further analysis. 

Decision time: The decision time of the participants was calculated as the time 

between initiation of ball movement and initiation of the movement of the 

participant towards the track. Movement onset was identified as the moment at 

which the head marker moved more than 100 mm in the direction of the 

conveyor belt.  

Initial walking velocity: This variable corresponded to the average velocity of 

the marker situated on the head during the time the ball moved at constant 

velocity (i.e. the first 0.5 m of the ball trajectory).  

Walking velocity profile: This is determined as the average velocity of the head 

marker calculated for 4 equal time intervals of the total duration of the ball 

motion. The walking profile corresponded to the four average velocities for the 

following intervals: 0-25%, 25-50%, 50-75% and 75-100% of the ball 

trajectory. 
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Time of start reach: The time of start reach was the moment when the hand 

moved away from the body in the y-direction and the absolute distance between 

the body and hand exceeded 50 mm.  

Distance of start reach: Distance of start reach refers to the distance between 

ball and the interception point at the moment of the initiation of the reach.  

Determination of the reaching strategy: It was established whether participants 

initiated the reaching movement on the basis of a distance or a time strategy, i.e. 

when the ball was at a fixed distance or at a fixed time interval from the 

interception point irrespective of the velocity of the ball. Each participant was 

considered individually and following the method used by Van Hof et al. 

(2008), the type of strategy was explored on the basis of the constancy of the 

dependent variables time of start reach and distance of start reach across ball 

velocity conditions. Therefore, the regression coefficients of the time of reach 

onset and the distance of reach onset across the three ball speed conditions were 

determined. A non-significant regression coefficient suggested that a linear 

relationship between the respective dependent variable and the ball speed 

condition was absent (Figure 4.2 A & C) (Caljouw, van der Kamp & 

Savelsbergh, 2004a, 2004b; Van Hof et al., 2008). In addition to this analysis, 

the variability of time of start reach and distance of start reach within the 

participant was calculated with the coefficient of variation, the ratio of the 

standard deviation over the mean value of all trials (excluding the first, so 4 

trials per condition) (Caljouw et al., 2004b). A ratio exceeding 0.30 indicated 

that the variance of this particular parameter was too large, which made the 

regression coefficient unreliable (Figure 4.2 C) (Caljouw et al., 2004a). Based 

on the regression coefficient and the variability of the start reach variables it 

was then determined whether or not participants exhibited a time or distance 

strategy. A time strategy was assumed when the regression coefficient between 

the time of start reach and the ball speed conditions was non-significant and the 
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coefficient of variation between the time of start reach was smaller than 0.30 

(Figure 4.2 A). A distance strategy was assumed when the regression coefficient 

between the distance of start reach and the ball speed conditions was non-

significant and the coefficient of variation of the distance of start reach was 

smaller than 0.30 (Figure 4.2 A). If neither of the conditions of time or distance 

strategy were fulfilled, the strategy for this participant remained undetermined 

(Figure 4.2 B & C & D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Determination of the reaching strategy. A. The regression coefficient is non-

significant and the coefficient of variation is smaller than 0.30. In this case it will be appropriate 

to assume that a distance or time strategy is present. B. The regression coefficient is significant 

and the coefficient of variation is smaller than 0.30. C. The regression coefficient is non-

significant and the coefficient of variation is larger than 0.30. D. The regression coefficient is 

significant and the coefficient of variation is larger than 0.30. The time or distance strategy was 

only assumed in situation A. 
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Vreach/Vmax: The ratio of walking velocity at the moment of the start of the 

reach and the maximum walking velocity in the trial was calculated to indicate 

the level of integration between walking and reaching. If the walking velocity at 

the moment of the start of the reach was close to the maximum walking velocity 

this value is close to 1.  

Accuracy of catches: This is the amount of correct catches which were grasped 

within the interception area. This was determined through the marker on the 

wrist and the marker on the ball. If the distance between the two markers 

remained constant, the ball was contacted.  

 

The dependent variables with the exception of the walking profile were tested 

with a 3 (group: children with LHL, children with RHL, and TD children) x 2 

(directions; ipsilateral and contralateral) x 3 (ball speed condition; acceleration, 

constant, and deceleration) repeated measures ANOVA. The walking profile 

was tested separately by a 2 (group) x 4 (trajectory) x 3 (ball speed condition) 

repeated measures ANOVA. The sphericity assumption for repeated measures 

ANOVA was checked using a Mauchly’s test of sphericity and a Greenhouse-

Geisser correction was applied when any violations were apparent. The 

Bonferroni tests were used to examine significant effects and interactions post 

hoc. The conditions were presented in blocks; therefore participants had the 

possibility to anticipate the ball velocity after the first trial. For all variables 

except the initial walking velocity, values were averaged over trials 2 to 5 for 

each condition in order to avoid confounding effects. The first trial was 

considered to be necessary for the participant to get adjusted to the new ball 

velocity condition.  
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Results 

Decision times 

The average decision times for each group and each ball speed condition are 

found in Table 4.2. The analysis revealed a main effect of ball speed condition 

(F(2,68) = 7.30, P < 0.005) on decision time. This indicated that the participants 

of all groups started to walk later in the deceleration condition in comparison to 

the acceleration condition (P < 0.05). No other post hoc effects were found. A 

main effect of group F(2,34) = 4.68, P < 0.02) was found and post hoc tests 

revealed that only the LHL group started walking significantly later than the TD 

group (P < 0.05), although both children with LHL (718 msec) and the children 

with RHL (693 msec) initiated their walk behaviour later than the TD children 

(628 msec). No interaction effects were present.  

 

Table 4.2: The decision times, the initial walking velocity, the Vreach/Vmax and the number of 

accurate catches (average ± SE) for each group and each ball condition 

  Acceleration Constant Deceleration 

Decision time TD 592 ± 21 631 ± 25 660 ± 23 

(ms) LHL 714 ± 30 699 ± 37 740 ± 33 

 

 

RHL 677 ± 30 640 ± 37 763 ± 23 

Initial walking velocity TD  442 ± 23 376 ± 29 343 ± 20 

(mm/s) LHL 352 ± 33 341 ± 42 289 ± 30 

 

 

RHL 337 ± 33 378 ± 42 260 ± 30 

Vreach/Vmax TD  75 ± 3 59 ± 5 32 ± 4 

(%) LHL 64 ± 4 51 ± 7 29 ± 6 

 

 

RHL 64 ± 4 53 ± 7 35 ± 6 

Accurate catches TD  3.2 ± 0.3 4.7 ± 0.3 4.6 ± 0.2 

(amount out of 5) LHL 3.3 ± 0.4 3.7 ± 0.4 3.3 ± 0.3 

 RHL 4.1 ± 0.4 3.9 ± 0.4 3.9 ± 0.3 
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Initial walking velocity 

The average initial walking velocity for each group and each ball speed 

condition is shown in Table 4.2. The conditions were presented in blocks 

therefore participants had the possibility to anticipate the speed of the ball 

assuming that the information of previous trials was used to plan the subsequent 

trials. A comparison of the initial walking velocity of the first trials across the 

three conditions revealed no significant effect of ball speed condition or groups. 

Conversely a comparison of the means of trials 2 to 5 of each condition showed 

a significant differences between ball speed conditions (F(2,68) = 13.14, P < 

0.001), indicating that the walking velocity was higher in the acceleration 

condition (P < 0.001) and constant condition (P < 0.05) in comparison to the 

deceleration condition. Note that this initial walking velocity was calculated 

over the first 0.833 s in which the ball velocity of the three conditions was 

similar. No differences between groups or any interactions were found. 

 

Walking velocity profile 

As illustrated in Figure 4.3, ball speed condition (acceleration, constant or 

deceleration) had a significant effect on the walking velocity profile (F(6,204) = 

115.51, P < 0.001), which was similar for the three groups. Post hoc tests 

revealed a significant increase in walking velocity until 50 % of the trajectory in 

all ball speed conditions. Only in the acceleration condition, walking velocity 

continued to increase after the first half of the trajectory, with significantly 

higher values in part 3 (50-75 %). The decline was initiated in the final part (75-

100 %). In the constant ball speed condition, walking velocity in the third 

quarter of the trajectory (50-75%) was similar to the previous part. Again the 

decline was initiated in the final part of the trajectory. In the deceleration 

condition, walking velocity already started to decline in the third part of the 
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trajectory (50-75%). There were no interaction effects or differences between 

the groups (F(2,34) = 1.54, P > 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Average walking velocity for all three groups per ball speed condition. The walk 

trajectory is giving in percentages to compare the different ball speed conditions. 
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Time of start reach 

Figures 4.4a-c reveals a significant interaction effect between ball speed 

condition and group (F(4,68) = 8.41, P < 0.001) on the time of start reach. In 

TD children the initiation of the reaching was similar across different ball 

velocities with a tendency to reach earlier if the ball moved faster. The 

behaviour of children with LHL and children with RHL demonstrated a reverse 

effect. These two groups seemed to start to reach earlier when the ball moved 

slower. A main effect of group was found (F(2,34) = 5.87, P < 0.01), and a post 

hoc test showed that only the children with LHL reached significantly earlier 

than the TD children (P < 0.01).  

 

Distance of start reach 

The average distances of start reach are shown in Figures 4.4d-f. A main effect 

of ball speed condition was found (F(2,68) = 54.33, P < 0.001), indicating that 

if the ball travelled faster the reach was initiated earlier in the balls’ trajectory 

(P < 0.005). An interaction with group (F(4,68) = 6.43, P < 0.001) indicated 

that this effect differed between groups. The post hoc tests revealed that no 

differences between ball speed conditions were found in the children with LHL, 

while in children with RHL distance of start reach in the acceleration was 

significantly larger than in the deceleration condition (P < 0.05). In TD children 

a significant difference was found between all ball conditions (P < 0.005) with 

larger distance of start reach values for higher ball speeds. Further, a main effect 

of group (F(2,34) = 4.11, P < 0.05) indicated that the children with LHL started 

to reach  when the ball was significantly further away from the interception 

point than the TD children (P < 0.05).  
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Figure 4.4: Time (abc) versus distance (def) start of reach per group. Error bars represent the 

standard deviation. * P < 0.05. ** P < 0.005 

 

Determination of the reaching strategy:  

For each individual the regression coefficients and the variability (coefficient of 

variation) are presented in Table 4.3 along with the best fitting strategy (time or 

distance). According to two criteria, the significance of the regression 

coefficient and the magnitude of the coefficient of variation, it was shown that 
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56 % of children with LHL adhered to a distance strategy, while 78% of 

children with RHL and 53% of TD children chose a time strategy. In addition, 

there was a limited amount of children (24%) for whom the choice of strategy 

could not be determined on the basis of this analysis. 
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Table 4.3: Regression coefficients between ball speed condition and time or distance strategies. 

The table includes which strategy best fitted the data per participant. A variation (SD/mean) 

larger than 0.3 is considered too large. 

 Group Age Time Distance  Strategy 

R
2 

p-

value 

SD/mean R
2 

p-

value 

SD/mean  

LHL 13 0.1578 ns 0.0647 0.5453 sig 0.4634 Time 

LHL 9 0.1256 ns 0.0538 0.3020 sig 0.2800 Time 

LHL 12 0.1660 sig 0.0543 0.1764 sig 0.2814 - 

LHL 11 0.3073 sig 0.0695 0.0428 ns 0.2655 Distance 

LHL 11 0.2039 sig 0.0743 0.1170 ns 0.2708 Distance 

LHL 6 0.5556 sig 0.0819 0.0160 ns 0.2509 Distance 

LHL 6 0.0938 ns 0.1714 0.0101 ns 0.5481 Time 

LHL 14 0.3874 sig 0.1010 0.0223 ns 0.2159 Distance 

LHL 5 0.2146 sig 0.0968 0.0130 ns 0.296 Distance 

         

RHL 9 0.0619 ns 0.0430 0.3181 sig 0.4766 Time 

RHL 17 0.0547 ns 0.0542 0.2741 sig 0.3104 Time 

RHL 8 0.0109 ns 0.0869 0.6009 sig 0.4211 Time 

RHL 16 0.3698 sig 0.0480 0.3464 sig 0.1949 - 

RHL 11 0.1362 ns 0.0547 0.6009 sig 0.4211 Time 

RHL 12 0.2364 sig 0.0631 0.1913 sig 0.2307 - 

RHL 13 0.0693 ns 0.0914 0.0902 ns 0.3752 Time 

RHL 13 0.0738 ns 0.0709 0.1485 ns 0.3655 Time 

RHL 9 0.1557 ns 0.1145 0.0574 ns 0.3273 Time 

         

TD 9 0.0938 ns 0.0713 0.4372 sig 0.5151 Time 

TD 13 0.2165 sig 0.0409 0.2372 sig 0.2560 - 

TD 6 0.0490 ns 0.0956 0.3238 sig 0.4736 Time 

TD 10 0.0362 ns 0.0577 0.2864 sig 0.3151 Time 

TD 10 0.0050 ns 0.0457 0.5828 sig 0.3090 Time 

TD 10 0.0000 ns 0.0669 0.4594 sig 0.3302 Time 

TD 12 0.0748 ns 0.0689 0.5371 sig 0.4248 Time 

TD 6 0.3516 sig 0.0386 0.0923 ns 0.2366 Distance 

TD 13 0.3780 sig 0.0606 0.7387 sig 0.4244 - 

TD 10 0.2172 sig 0.0390 0.7217 sig 0.3521 - 

TD 11 0.2027 sig 0.0338 0.7610 sig 0.3756 - 

TD 8 0.3282 sig 0.1262 0.5737 sig 0.6198 - 

TD 7 0.0537 ns 0.0882 0.4169 sig 0.5368 Time 

TD 7 0.0480 ns 0.0431 0.5798 sig 0.3520 Time 

TD 11 0.0721 ns 0.0669 0.5399 sig 0.4164 Time 

TD 11 0.1479 ns 0.0560 0.6468 sig 0.4130 Time 

TD 10 0.4610 sig 0.0543 0.1523 ns 0.1840 Distance 

TD 8 0.7267 sig 0.1009 0.8116 sig 0.7669 - 

TD 8 0.1002 ns 0.0888 0.4539 sig 0.5072 Time 
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Vreach/Vmax 

The Vreach/Vmax for each group and each ball speed condition is shown in 

Table 4.2. This variable showed a main effect of ball speed condition (F(2,68) = 

100.81, P < 0.001) independent of groups. The walking velocity at the moment 

of reach was closer to the maximum walking velocity in the acceleration 

condition (68 %) in comparison to the constant condition (55 %: P < 0.000) or 

the deceleration condition (32 %: P < 0.001). No main group-effect was found 

nor any interactions. 

 

Accuracy of catches: 

Table 4.2 shows the average number of accurate ball catches in the three ball 

speed conditions. The analysis showed a main effect of ball speed condition 

(F(2, 68) = 3.41, P < 0.05) and a group by ball speed condition interaction 

(F(4,68) = 3.77, P < 0.01) on the performance. Post-hoc inspection indicated 

that the TD children caught significantly less balls in the acceleration condition 

in comparison to the constant condition (P < 0.05). Performance was 

independent of ball speed condition in children with RHL and LHL. No group 

effect was found.  

 

Discussion 

The goal of the current experiment was to determine if children with SUCP use 

different visual information to initiate the interception of a ball and if this is 

related to the side of the lesion. The current results showed that the decision 

times of children with LHL were larger and that the initiation of the reaching 

movement was earlier in comparison to the children with RHL and the TD 

children. In addition, 56 % of children with LHL were found to use a distance 

strategy and initiated the reaching phase when the moving object was at a fixed 

distance from the interception point irrespective of the velocity of the object. 
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This was in contrast to the children with RHL and TD children of who only 0 % 

and 11 % opted for a distance strategy. In the two latter groups, the time 

strategy was the predominant strategy. However, these differences were not 

accompanied with differences in walking profile or with differences in catching 

performance between groups. The results will be discussed in the following 

paragraphs. 

 

An interceptive task requires the use of visual guidance to initiate the 

movement. Children with LHL seemed to initiate walking later than the TD 

children, suggesting a longer decision time in children with LHL. This is 

consistent with the findings of te Velde et al. (2005). In that study a road 

crossing and collision avoidance situation was simulated and children with 

SHCP were instructed to push a doll across a scale-sized road between two 

approaching toy cars. In accordance to our results, children with LHL took 

longer to initiate the crossing phase than children with RHL. In the present 

study, the demands on the walking phase were augmented by adding the 

interception of a ball. This integration of walking and reaching enables children 

to compensate for longer decision times by increasing the walking velocity 

towards the interception should the time constraints of the task require this. 

However, no differences in walking profiles were found. It should be 

acknowledged that the differences in decision times were small relative to the 

total duration needed to cover the 4 m long path. Apparently, the longer 

decision times of children with LHL were too small by comparison and did not 

require statistically significant changes in walking velocity. Further, the initial 

slower reaction did not result in inferior performance in the present task. 

Despite the absence of effects on the walking velocity profile and the accuracy 

of the interception, this longer decision time may suggest a difference in 

planning of children with LHL related to the uptake of visual information. It is 
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therefore conceivable that this will put children with LHL at a disadvantage in 

real sport situations involving goal-directed actions that are considerably faster, 

such as intercepting a pass from a team-mate.  

The decision times reveal yet another interesting finding with respect to 

the planning of the action. Children took longer to initiate the movement in 

trials where the ball was decelerated. Moreover, the decision times (range: 590 

– 763 ms) were smaller than the time the ball needed to cover the first part of 

the trajectory (see A in Figure 4.1) where the ball moved at constant speed in all 

conditions. Thus, the longer decision times in the deceleration condition do not 

reflect a difference induced by visual information about the ball speed, but 

rather a learning effect due to the blocked presentation of the conditions. This 

was confirmed by the analysis of the initial walking velocity within the blocks. 

No effect of ball speed condition was present on the first trial when the task was 

new, while the initial walking velocity on trials 2 till 5 was larger in the 

acceleration condition compared to the constant and deceleration condition. 

Additional analysis showed that trial 2 and 5 did not significantly differ from 

each other. This provided evidence that a learning effect occurred after one trial 

but did not seem to occur during the subsequent trials. Overall, these findings 

suggest the use of prior knowledge from previous trials about the ball speed to 

plan and execute a new movement. Remarkably, this learning effect was also 

found in children with LHL. This may indicate that the differences in planning 

exhibited by the longer decision times in this group do not appear to hinder the 

children to adjust their movement in response to prior knowledge. The analysis 

of the reaching phase provides more insight into the planning differences 

between children with LHL and the other children. First, it was found that 

children with LHL initiated the reaching phase earlier than the TD children. In 

addition, it was demonstrated that the majority of children with LHL used a 

distance strategy, in contrast to children with RHL or TD children who 
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predominantly used a time strategy. According to van Hof et al. (2008) a 

strategy based upon distance information reflects a more immature state of 

visuo-motor planning and control. From 8-to-9 months of age infants opt the 

distance strategy is abandoned and replaced by the time strategy. The distance 

strategy is also associated with inferior catching skill and may be hypothesised 

to reveal less elaborate predictive planning (Von Hofsten, 1983). The time 

strategy can be exploited across a larger variety of situations without resulting 

in a decrease in performance. It appears that the majority of the children with 

LHL used a less adaptive strategy to intercept a ball. In this respect, it is 

important to note the tendency towards more grasping or catching errors of 

children with LHL, especially in the deceleration and acceleration conditions. 

This trend was, however, not significant which might be due to the relatively 

slow ball speeds used in this task. More challenging ball velocities could have 

influenced the performance more significantly.  

According to Johnson-Frey et al. (2004) a distributed network in the left 

cerebral hemisphere is associated with planning, consisting of: posterior 

superior temporal sulcus, along with proximal regions of the middle and 

superior temporal gyri; inferior frontal and ventral premotor cortices; two 

distinct parietal areas, one located in the anterior supramarginal gyrus (SMG) 

and another in posterior SMG and angular gyrus; and dorsolateral prefrontal 

cortex. Unfortunately, no details of the exact locations of the lesions of the 

participants were provided. Discussion about the specific brain areas involved 

into the perceptuo-motor planning problems found in the current study would be 

mere speculation. However, based on the absence of an effect of the side of 

approach of the ball, visual problems related to the visual field loss may be 

excluded. Further research is warranted to gain more insight into the specific 

relationship between the location of the lesion and the actual motor control 

strategy.  
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Abstract 

In previous studies, it was found that children with spastic unilateral cerebral 

palsy (SUCP) not only experience problems in the execution of an interceptive 

movement, but also in the planning and control of this movement. In the present 

study, we investigated the visual search strategy of children with SUCP during 

the execution of an interceptive movement, and if this is related to the lesional 

side. Five children with a right sided lesion (RHL) and five children with a left 

sided lesion (LHL) had to walk towards a conveyor belt at a distance of 4 

meters, where they had to intercept a moving ball. The trajectory of the ball was 

perpendicular to the walking path of the participants. In some conditions, visual 

information of the ball was occluded by a tunnel of 2 meters. An eye-tracker 

measured the gaze behaviour of the participants. It was found that children with 

RHL focused significantly longer on the beginning of the trajectory of the ball 

compared to the children with LHL. In addition, it was found that the 

percentage of viewing time on the final part of the ball trajectory (the 

interception point) was correlated to the accuracy in which both groups of 

children grasped. Longer viewing times on the interception point seemed to 

improve the performance of the children. It can be concluded that visual gaze 

behaviour during the execution of the movement is dependent on the lesional 

side.  
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Introduction 

Tasks such as grasping a glass of lemonade or catching a ball are considered 

interceptive movements that children perform daily. Children with a movement 

disorder like cerebral palsy encounter difficulties with the execution of these, at 

first glance, simple tasks. It is well documented that children with Spastic 

Unilateral Cerebral Palsy (SUCP) have problems with the control of their 

muscles as a consequence of the muscle spasticity and thus, in the execution of 

movements (Carr et al., 2005). The unilateral brain damage results in a strong 

asymmetry between body-sides during movements involving contra-lesional 

upper and lower limbs. More recent research has uncovered possible difficulties 

in interceptive actions related to the lesional side. It has been suggested that 

children with a lesion in the left hemisphere (LHL) encounter difficulties during 

the planning of interceptive actions (Mutsaarts et al., 2005; Rushworth et al., 

1998; Steenbergen & Gordon, 2006; Steenbergen et al., 2007; Te Velde et al., 

2005). Johnson-Frey and colleagues (2005) reported that a distributed network 

in the left cerebral hemisphere is activated during the planning of tool use 

action, irrespective of which limb is used. This supports the idea that planning 

problems are related to lesions in the left hemisphere and therefore, problems in 

planning actions should be more prominent in children with LHL in comparison 

to children with RHL (for review see: Steenbergen et al., 2007).  

In order to plan a movement properly, a person must take a wide variety 

of visual information into account (Elliott et al. 2001). Among all the visual 

information available, one has to select the most relevant information in relation 

to the action (Van der Kamp et al., 2003). A recent study reported a strong 

relationship between gaze direction (e.g. the information pickup) and the task 

(Van Doorn et al., 2009). When the task was to grasp a shaft embedded in a 

Müller-Lyer illusion, participants focussed to the middle, and then to one end 

point of the shaft. When the task was to estimate the size of the shaft however, 
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they focussed more on areas containing relative size information, that is, on 

both end points of the shaft. This experiment indicated that by measuring gaze 

direction, the information most probably used can be identified.  

In a recent study, the coordination pattern between eye and hand 

movements for stationary objects was analyzed in adolescents with SUCP 

(Verrel, Bekkering & Steenbergen, 2008). The results showed that when the 

task was performed with the impaired hand, visual monitoring increased in both 

participants with LHL and RHL. An experiment by Van Kampen, Ledebt, 

Deconinck and Savelsbergh (2009, see chapter 4) showed an effect of lesion 

side on the timing of reaching towards a moving ball. In fact, children with 

LHL and children with RHL differed in the moment they initiated the reach to 

intercept the ball. The majority of children with LHL started their reaching 

movement when the ball was located at a fixed distance from the interception 

point, whereas the majority of the children with RHL started their reach when 

the ball was located at a fixed time from the interception point. This “timing 

strategy” was also found to be dominant in children that have followed a typical 

development. Although the difference in strategy to initiate the reaching 

between children with LHL and RHL could not be related to the type of 

movement control (planning vs. online control), it suggested the presence of 

different gaze behaviours.  

Therefore, the aim of the present study was to examine the gaze 

behaviour of children with SUCP during an interceptive movement and to relate 

possible differences to lesional side. For that purpose, a similar test setup was 

used as in the study of Van Kampen et al. (2009, see chapter 4). In their study, a 

design was used where the participant had to walk towards a ball that changes 

position, so that it is necessary to use visual information in order to touch the 

ball successfully. In addition, gaze behaviour is used to determine whether 

planning, or online control dominates the control of this action. In our study, we 
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therefore manipulate the vision of the moving ball by adding a condition in 

which the trajectory of the ball is partially occluded. It is often assumed that the 

reduced visibility of the moving ball will compel the participant to plan their 

movement in advance, while continuous vision of the ball allows the participant 

to control her/his movements online (Glover, 2004). It was expected that the 

children with LHL would be more dependent on the continuous availability of 

visual information of the ball as a consequence of their lack in planning 

capabilities, and will therefore be more affected by the reduced visibility of the 

ball.  

 

Methods: 

Participants: 

Ten children with SUCP participated in this experiment. Five children had a left 

sided lesion (LHL; age: 15.2 ± 3.6) while five had a right sided lesion (RHL; 

age: 12.6 ± 2.5). Individual characteristics for each participant can be found in 

Table 5.1. All the children had mild to moderate SUCP, which was categorised 

according to a questionnaire filled in by the parents of the participants, and were 

all able to complete the task according to the instructions. The severity of the 

child’s impairment was assessed by a single experimenter with the gross motor 

function classification system (GMFCS) and functional independence for 

children (WeeFim: motor items only, which had a possible score range of 13 to 

91, with a higher score denoting more functional independence of child). The 

children with SUCP were recruited through the Dutch society of parents of 

children with cerebral palsy (BOSK). Therefore, no specific medical data was 

available, except for the data which was provided by the parents. In addition, 

only participants without the clinical diagnoses of hemi-neglect or hemianopsia 

were included in order to minimize the effects of hemi-field differences 

(Netelenbos & Van Rooij, 2004). Nevertheless, ipsi- and contra-lesional 
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approaches of the ball were included. That is, a minor reduction of the visual 

field might become apparent in movement behaviour (Tant et al., 2002). The 

children’s parents provided written informed consent prior to the experiment. 

The experiment was approved by the Local Research Ethics Committee in 

accordance with the Declaration of Helsinki (1964). 

 

Table 5.1: Individual characteristic of the children with SUCP. 

 Age Side brain 

lesion 

GMFCS WeeFIM Aetiology 

P1 19 LHL I 91 Stroke at birth, not otherwise specified 

P2 12 RHL I 91 Stroke at birth, not otherwise specified 

P3 14 LHL I 90 Unknown 

P4 11 LHL I 89 Stroke at birth, not otherwise specified 

P5 13 LHL III 84 Meningitis 

P6 11 RHL I 91 Birth asphyxia 

P7 12 RHL I 50 Schizencephaly 

P8 19 LHL I 91 Cerebral haemorrhage 

P9 11 RHL II 72 Unknown 

P10 17 RHL I 91 Cerebral haemorrhage 

 

Apparatus: 

A tennis ball (diameter: 60 mm) was placed on a small platform (width 0.03 m, 

length 6 m, height 0.79 m), which was driven by a conveyor belt (Figure 5.1A), 

and controlled by a PC. Movements of the participants were measured in 2D by 

two potentiometers (data sampling frequency: 100Hz). Eye movements were 

measured by the ASL mobile eye device. This device consists of glasses, on 

which the measuring device is located, and a DVCR recording system, which 

can be fastened by a small belt onto the hip of the participants. The result was a 

recorded image of the surroundings, with a cross head on the location of the 

focus of the eyes. The sample frequency was 30 Hz. A starting point was 

marked 4 meters perpendicular to the middle of the track. The interception area 



Gaze behaviour during interception in children with Spastic Unilateral 
Cerebral Palsy Chapter 5 

 

 
91 

was marked with a red dot in the middle of the track. A DV camera recorded the 

grasping action of the participants. Before the experiment, the participants had 

to accomplish the Motor-Free Visual Perception Test (Colarusso & Hammill, 

2003) which was conducted by the same experimenter for each participant.  The 

Motor-Free Visual Perception Test, third edition (MPVT-3) is an individually 

administered test designed to assess overall perceptual ability in individuals. 

The test provides a single score that represents the individual’s general visual 

perceptual ability. 
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Figure 5.1: A. Top view of experimental setup. B. Side view of visual search areas in the 

experimental setup when the ball approached from the left side of the participant. 
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Design & procedure 

Initially, participants had to walk as fast as possible over a path of 10 meters. 

They were not allowed to run, or race walk. This was done three times, with 

their mean time being recorded and used to calculate their maximum walking 

velocity. Subsequently, the participants had to accomplish the Motor-Free 

Visual Perception test. This was followed by the main testing protocol. 

Participants were allowed to move towards the belt when the moving ball 

entered the path of 3 meters. The participants were instructed to grasp the ball in 

the interception area (300 mm). The ball approached at a constant velocity of 

50 % (low) or 70 % (high) of the participant’s maximum walking velocity. The 

different ball speed conditions were included to vary the task and to guarantee a 

similar complexity for each participant. In some conditions, the ball trajectory 

was occluded by a tunnel. This tunnel was 2 meters long and located in the 

middle of the track (500 mm from the start point of the ball and 500 mm from 

the interception point). This provided the participants with enough information 

in the beginning of the trial to plan their movement. The final manipulation was 

provided by the approach of the ball. The approach side of the ball was either 

from the ipsi-lateral side, or the contra-lateral side of the lesion of the 

participants. The participants only grasped with their less impaired hand. 

Participants were required to intercept a ball five times in each of the 8 

conditions (2 velocities x 2 visions x 2 approach sides), resulting in one session 

of 40 trials in total. Conditions were presented randomly for each participant. 
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Data analysis and dependent variables 

The following dependent variables were used. 

Timing: 

Decision time: The decision time of the participants is the time between 

initiation of ball movement, and the initiation of the movement of the 

participant towards the track, which was identified as the moment at which the 

participant moved more than 100 mm in the direction of the conveyor belt.  

Walking profile: The walking profile is the average walking velocity of the 

participants between the moment the ball started to move, until the ball crossed 

the interception area. The walking velocity was calculated for 4 equal time 

intervals of the total duration of the ball motion, resulting in a walking profile 

showing average walking speed at intervals 0-25%, 25-50%, 50-75%, and 75-

100% of the ball motion (Chohan et al., 2006). This walking velocity was 

divided by the maximum walking velocity (Vmax) of the participants to exclude 

the effects of the variation of absolute ball velocities. 

Accuracy of catches: The accuracy of catches is the amount of balls which were 

grasped within the interception area. It could be established if the participants 

grasped the ball within the interception area by means of images from the DV 

camera. These images were judged by two independent reviewers to calculate 

the inter-correlation coefficient.  

Visual search data: 

The mobile eye device measured the location of gaze of the participants while 

performing the task. Four different frames are displayed in Figure 5.2 as an 

example. The point of gaze can be seen as the location of the large crosshead. 

Nevertheless, in certain situations, this could not be measured, for instance, 

when participants closed their eyes. If this missing data lasted for more than half 

of the trial, the trial was excluded from the experiment. This came down to 17 

% of the data (68 out of 400 trials were excluded from further analysis). 



Gaze behaviour during interception in children with Spastic Unilateral 
Cerebral Palsy Chapter 5 

 

 
95 

 

Figure 5.2: Raw data of the mobile eye in four situations. The large crosshead is the gaze of the 

participants. 

 

Percentage of viewing time: The percentage of viewing time is the viewing time 

of the participant to one of the following areas: starting area; mid area; in-

between; end area; and ball, divided by the total time of the trial. The total time 

of the trial is the time between the start of the ball motion, and the moment the 

participant grasped the ball. The locations of these areas are found in Figure 

5.1B. The images were judged by two independent reviewers to calculate the 

inter-correlation coefficient. The mid area was defined by the edges of the 

tunnel. In the conditions without occlusion, the tunnel was located directly 

behind the trajectory of the ball in order to assure that the edges of the tunnel 

were similar to the occlusion conditions and, the mid area remained  similar in 

size.  
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Correlations: 

In this section, the correlations between the percentage viewing time of the 

different areas and the performance (by means of accuracy of catches) were 

calculated. In addition, the individual characteristics of the participants were 

presented. 

 

The dependent variables were tested by a 2 (group: children with LHL vs. 

children with RHL) x 2 (ball speed condition: low vs high) x 2 (occlusions: 

occlusion vs. no occlusion) x 2 (approaches of the ball: ipsi-lesional vs. contra-

lesional) repeated measures ANOVA. The walking velocity profile was tested 

separately by a 2 (group: children with RHL vs. children with LHL) x 4 

(temporal trajectory: 0-25% vs. 25-50% vs. 50-75% vs. 75-100%) repeated 

measures ANOVA.  

The sphericity assumption for repeated measures ANOVA was checked using a 

Mauchly’s test of sphericity and a Greenhouse-Geisser correction was applied 

when any violations were apparent. The Bonferroni tests were used to examine 

significant effects and interactions post hoc. 

 

 

Results 

Timing: 

Decision time 

The decision time revealed a main effect of ball speed condition (F(1,8) = 7.34, 

P < 0.05). The decision time during the low ball speed condition (865 ± 51 

msec) was significantly longer in comparison to the high ball speed condition 

(758 ± 51 msec). No other significant differences were found between the 

conditions and the groups. 
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Walking profile 

The walking profile for each group is presented in Figure 5.3. The repeated 

measures ANOVA revealed no significant difference between groups or 

conditions. 

 

 
 

Figure 5.3: The walking profile of children with LHL and children with RHL. On the x-axis is the 

temporal trajectory of the ball motion. The y-axis is the walking velocity in percentage of the 

participant’s maximum velocity. 

 

Accuracy of catches 

The accuracy of catches revealed a main effect of ball speed conditions (F(1,8) 

= 29.79, P < 0.005), which indicated that the participants were more accurate in 

the low ball speed condition (on average 92.9 ± 3.1 % were caught in the 

interception area) in comparison to the high ball speed condition (on average 

39.8 ± 9.4 % were caught in the interception area). In addition, the accuracy of 

catches revealed a main effect of occlusion (F(1,8) =12.99, P < 0.01). In the 

occlusion condition, the participants grasped on average 57.9 ± 5.9 % of the 
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balls within the interception area, while the average percentage of catches in the 

no-occlusion condition averaged 74.8 ± 5.1 %. The accuracy of catches also 

revealed an interaction effect between this occlusion condition and the ball 

speed condition F(1,8) = 7.71, P < 0.05), which showed that the differences 

were mainly found in the high ball speed condition between the occlusion (24.8 

± 10.9 %), and no-occlusion (54.8 ± 9.2 %) condition (P < 0.05). This 

difference was not found in the low ball speed condition (occlusion condition: 

91.1 ± 5.2 %; no-occlusion condition: 94.8 ± 2.9 %).   

 

Visual search data: 

In Figure 5.4, the percentages of viewing time for each area and each group is 

shown. 
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Figure 5.4: The mean visual search data of all participants. A. Occlusion of the trajectory of the 

ball. B. No occlusion of the trajectory of the ball.  The standard deviations are shown in the 

errors bars.  

 

 

 

A. Occlusion 

B. No occlusion 
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Starting area 

The viewing time on the starting area revealed a significant effect of group 

(F(1,8) = 8.45, P < 0.05). Figure 5.4 shows that the viewing time for children 

with RHL is longer (8.5 ± 1.5 %) in comparison to children with LHL (2.4 ± 1.5 

%). A significant interaction effect between approach and ball speed condition 

(F(1,8) = 15.46, P < 0.005) indicated that when the ball approached from the 

contra-lesional side, the differences between ball speed conditions was 

significant (low speed: 4.4 ± 1.3; high speed: 7.0 ± 1.6: P < 0.01). This 

difference was not significant when the ball approached from the ipsi-lesional 

side (low speed: 5.9 ± 0.7; high speed: 4.5 ± 1.0: P > 0.05). 

 

Mid area 

The viewing time on the mid area showed a main effect of occlusion (F(1,8) = 

22.17, P < 0.005), which indicated that the participants were more focused to 

the mid area when the ball was not occluded (25.1± 3.1 %), in comparison to 

when the ball was occluded by the tunnel (12.7 ± 1.8). In addition, the 

interaction between occlusion and lesion side seemed to uncover a trend 

towards significance (F(1,8) = 3.14, P < 0.11).  It appeared that children with 

LHL focussed more on the mid area when this area is not occluded, in 

comparison to when the area was occluded (P < 0.02). This is in contradiction 

to children with RHL who do not seem to be influenced by the occlusion (P < 

0.72). This trend is shown in Figure 5.5. 
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Figure 5.5: The interaction on the viewing time of the mid area between occlusion and lesion 

side. The error bars represent the standard deviations. 

 

In-between area 

The viewing time on the in-between area showed a main effect of occlusion 

(F(1,8) = 5.60, P < 0.05), which indicated that the participants were more 

focused to the in-between area when the ball was occluded (8.3 ± 2.0 %) in 

comparison to when the ball was not occluded by the tunnel (4.5 ± 2.1). 

 

End area 

The viewing time on the end area revealed an interaction effect of occlusion and 

ball speed condition (F(1,8) = 8.20, P < 0.05). Post hoc tests indicated that the 

participants spend less time focusing on the end point when the trajectory was 

not occluded and the ball approached with a high ball speed (No-occlusion and 

high ball speed: 15.1 ± 4.4 %; No-occlusion and low ball speed:  23.4 ± 4.7 %; 

P < 0.05).  
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Ball  

The viewing time on the ball showed an interaction effect of approach side of 

the ball and group (F(1,8) = 8.83, P < 0.02). Post Hoc tests revealed a difference 

in group only when the ball approached from the ipsi-lesional side (LHL: 6.2 ± 

1.3 %; RHL: 11.0 ± 1.3 %; P < 0.05). In addition, the children with LHL 

focused longer on the ball when the ball approached from the contra-lesional 

(9.8 ± 1.9 %) side in comparison to the ipsi-lesional (6.2 ± 1.3 %) side (P < 

0.005).  

 

Correlations 

In Table 5.2, the mean viewing percentages per area, and the overall 

performance of each participant is shown. In addition, the table includes the 

main characteristics of the participants.  
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Table 5.2: The characteristics of the participants arranged from low to high accuracy of catches. 

In addition, the mean percentage viewing time for each area and the mean decision time per 

participants is displayed.  Score MVPT-3; L= Low,  A= Average,  H = High, S = Superior. 
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6 48.6 A 11 7.4 24.2 10.1 14.0 11.3 1033 

9 50.0 L 11 14.5 9.7 2.8 28.1 15.5 901 

10 54.1 S 17 3.6 22.9 4.1 13.0 5.9 929 

8 58.1 A 19 1.3 20.3 21.7 15.4 10.7 716 

4 60.6 A 11 1.2 17.8 3.6 13.6 3.6 816 

7 75.0 H/A 12 10.6 13.3 1.9 13.8 6.6 633 

1 76.5 A 19 5.8 32.8 4.6 12.5 10.9 744 

3 77.4 S 14 1.5 22.6 7.4 24.1 6.3 745 

5 79.5 L/A 13 2.5 16.6 5.6 36.4 8.6 1033 

2 97.4 A 12 6.2 8.9 2.2 47.5 10.6 764 

 

Correlation                 0.001 

with accuracy             P >  

                                   0.05 

 

-0.177 

P > 

0.05 

-0.201 

P > 

0.05 

-0.328 

P > 

0.05 

0.636* 

P < 

0.05 

-0.159 

P > 

0.05 

-0.377 

P > 0.05 

 

 In the present section, the accuracy of catches was correlated to the percentages 

of viewing time of the different areas, to the decision time and the age of the 

participants. As shown in Table 5.2, only the percentage viewing time on the 

end area is significantly correlated to the accuracy of catches (Pearson’s r = 

0.636, P < 0.05). This implies that the more the participants focused on the end 
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area during the trial, the more accurate they were with their catches. A 

relationship between the percentage viewing time on the end area and the 

accuracy of catches is present. The outcome of the MVPT-3 was also presented 

in Table 5.2. It was not possible to correlate this to the accuracy, since the 

outcome was presented in a category. Nevertheless, it seemed that the level of 

the outcome of the MVPT-3 was not related to the accuracy.  

 

Discussion 

The goal of the present study was to investigate the gaze behaviour of children 

with SUCP during an interceptive movement, and to relate possible differences 

to lesional side. It was found that children with RHL focused their gaze 

significantly more on the starting point in comparison to children with LHL. 

This difference in gaze pattern could not be related to a difference in accuracy 

of catches. However, it was found that the percentage viewing time on the 

endpoint did influence the accuracy of catches regardless of lesional side. The 

results are discussed below. 

The effect of lesional side on the gaze behaviour is of importance 

however, it remains notable that this difference in gaze pattern does not 

influence the performance, or in this case, the accuracy of catches. 

Nevertheless, the main interest was not to find differences in performance, since 

the children might be discouraged by continuously failing the task. It was 

therefore decided to keep the task feasible for all the participants. As shown by 

the results (Figure 5.3), the children had to perform according to their maximum 

walking velocity. The walking velocity during the catching task was in the third 

trajectory even above their maximum walking velocity. This maximum walking 

velocity was measured prior to the experiment by asking the participants to 

walk as fast as they can (without running). This difference in maximum walking 

velocities could be influenced by the task constraint. A more realistic task (“be 
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in time to catch the ball”) is said to provoke higher maximum capabilities in 

comparison to the more abstract task (“walk as fast as you can”). This is also 

shown in other studies, where more concrete and realistic tasks improved the 

capabilities of the children with SUCP in comparison to more abstract tasks 

(Ricken et al., 2006; Van der Weel, Van der Meer, & Lee, 1991). 

Besides information from the starting point, the participants are able to 

pick up visual information from other areas. Nevertheless, no differences in 

gaze behaviour are found between children with LHL and RHL, besides the 

effect on starting point. In addition, the expected differences in behaviour 

between lesional side while presenting an occlusion of the trajectory of the ball 

were not found. One exception remains, which is the trend of an interaction 

effect between occlusion and lesion side on the viewing time of the mid area. It 

seemed as if children with LHL controlled their movements more online, as 

they were influenced by the occlusion which was shown by the way they 

focussed significantly more on the mid area, when this was not occluded, in 

comparison to when this area was occluded. This would support the hypothesis 

that the planning problems in children with LHL might already be revealed by 

their gaze behaviour. Nevertheless, it remains a trend. Besides this, the 

differences in gaze behaviour did not reveal differences in timing behaviour. It 

is possible that the 2 meter tunnel might not have been positioned correctly to 

reveal obvious differences in behaviour between children with LHL and 

children with RHL. After the tunnel, the ball would still be visible for a 

trajectory of 0.5 meter. This trajectory could dismiss any judgment errors from 

the children with LHL. Nevertheless, according to the model of Glover (2004), 

prior to movement initiation, planning is entirely responsible for the initial 

determination of all movement parameters, and continues to be highly 

influential early in the movement. It is therefore interesting that the difference 

found in percentage viewing time is present early in the trajectory of the ball. 
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On the other hand, no other initial movement parameters were influenced by 

this. The decision time of children with LHL was not significantly larger in 

comparison to children with RHL, contrary to the results found in the previous 

study of Van Kampen et al. (2009, see chapter 4).  

In addition to the effect on lesional side, the present study showed a 

correlation between accuracy of catches and percentage viewing time on the end 

area. This implies a relationship between performance (accuracy of catches) and 

gaze behaviour. Previous studies in sports have found similar relationships 

between performance and gaze behaviour (Savelsbergh, Williams, Van der 

Kamp, & Ward, 2002). The present results were nevertheless independent of the 

side of the lesion. Another effect which is independent of the side of the lesion 

is the effect of the occlusion of the ball on the visual search behaviour. When 

the ball was occluded, the participants focused less on the mid area, and more 

on the in-between and end areas, in comparison to when the ball was not 

occluded. In the latter situation, the participants focused more on the mid area, 

and less on the in-between and end areas. This can be explained by the 

disappearance of the ball in the tunnel. The mid area did not provide any 

information about the velocity and location of the ball when the ball was 

occluded. Therefore, focusing on the position where the ball will reappear is 

more useful for these participants. In addition, the occlusion seemed to affect 

the accuracy of catches. The accuracy of the catches decreased when the 

occlusion was present. Nevertheless, the interaction effect showed that this was 

only present in the highest ball speed condition. Apparently, the extra constraint 

of the task by the higher velocity, in combination with the occlusion, caused a 

significant decrease of performance. This could be caused by the small time 

period to track the ball after the ball reappears from behind the tunnel. This 

would be less in the highest condition, since the ball velocity is higher, and the 
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amount of time the ball needs to travel 0.5 meter would be less. This might 

explain the decrease in accuracy. 

As previously mentioned, it was expected that the approach side of the 

ball would not influence the dependent variables. This was based upon the 

selection of the children. All of the children did not suffer from any clinical 

diagnoses of hemi-neglect or hemianopsia. Nevertheless, small differences in 

approach side were present. It appeared that the time the children focused on the 

ball, was different for children with LHL and children with RHL when the ball 

approached from the ipsi-lesional side. The children with LHL focused their 

gaze for a shorter period of time on the ball in comparison to children with 

RHL. Besides this, all children seemed to focus their gaze for a longer period of 

time on the starting area, if the ball approached from the contra-lesional side 

and the ball speed condition is the highest, instead of the lowest. These results 

are hard to explain, yet are relatively small and only visible in interaction 

effects. Since the result of the MPVT-3 was quite diverse for the different 

participants, the question can be raised that part of these effects were influenced 

by some children who did not perform as well on the MPVT-3 test. 

Nevertheless, excluding the two participants with a low and average/low score 

did not modify the differences in these results. In addition, the effects of 

approach side were only present in the visual search data, and not in the timing 

data. 

It can be concluded that the gaze behaviour of children with SUCP during 

interceptive tasks is dependent on lesional side. In addition, the gaze behaviour 

seemed to be related to performance.  
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This thesis is concerned with the organization of interceptive movements in 

children with Spastic Unilateral Cerebral Palsy (SUCP), and specifically 

examines the visual information used during these movements. Children with 

SUCP have impairments to the motor system which influences their movement 

behaviour to a great extent which therefore limits their possibilities when 

performing interceptive movements. In addition, recent studies have found 

evidence that children with SUCP show motor planning deficiencies, which 

may be as detrimental for proper performance of interceptive movements as the 

disorders that are related to actual movement execution (Steenbergen et al., 

2007). As explained in the previous chapters, visual information is very 

important during the planning and execution of interceptive movements which 

could therefore be related to these motor planning problems. 

The present thesis reported a series of experiments designed to examine 

the relationship between visual information and interceptive movements in 

children with SUCP, performed under different task conditions. In order to 

investigate this properly, comparisons had to be made between typically 

developing (TD) children, children with a left sided lesion (LHL), and children 

with a right sided lesion (RHL). The children had to walk towards the 

interceptive area in order to catch a moving ball. Therefore, different actions 

had to be combined to achieve the goal. In addition, a realistic situation was 

presented since an individual has to walk and react to moving obstacles 

frequently (for instance in traffic and sports). In the experimental design, 

information was gathered by manipulating ball velocity, direction of the ball, 

and amount and type of visual information available in the manual interception 

task of a moving target. 

As described in chapter one, children with SUCP have difficulty in 

mastering the interceptive action, as their ability to move, or integrate the 

perception with the movement is constrained (Van der Weel et al., 1996). This 

seems to cause an atypical motor development not only on the impaired side of 
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their body, but also on their less-impaired side (Steenbergen & Gordon, 2006). 

According to Glover (2004), planning is entirely responsible for the initial 

determination of all movement parameters, and continues to be highly 

influential early in the movement. Children with SUCP seem to have motor 

planning deficiencies which appear to cause major problems in the execution of 

interceptive movement. These motor planning problems are mostly found in 

children with LHL. It has been suggested that the reason for having these motor 

planning problems is due to the location of the parts of the brain associated with 

planning. Johnson-Frey et al. (2005) found that the planning of tool use action 

activates a distributed network in the left cerebral hemisphere irrespective of 

which limb is used. Lesions in the left side of the brain could affect this network 

and might therefore be related to motor planning. Recent studies have found 

relationships between information detection and planning, as well as control of 

an interceptive movement (Van Doorn et al., 2009). Currently, it is unknown 

what the role of the visual information is during interceptive actions in children 

with SUCP and also, whether this might be a discriminating factor in these 

children. 

Chapter two investigated the use of visual information in younger and 

older children during the execution of the interceptive movement. It was 

expected that a partial occlusion of the trajectory of the ball would enlarge the 

differences between younger and older children since research showed that 

younger children were more dependent on visual information during actions 

(Kuhtz-Buschbeck et al., 1998). The results showed a significantly longer 

decision time before the younger children initiated their movement in 

comparison to older children. Nevertheless, both groups of children were able to 

grasp with the same accuracy. A partial occlusion of the trajectory of the ball 

lowered the relative walking velocity at the moment of reach in both age 

groups. Younger children appeared to operate at the same level as older children 

and do seem to have capabilities to plan their movement sufficiently to 
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overcome the lower availability of visual information. These results were 

discussed based on the planning-control model of Glover (2004), who claims 

that a delay of more than 2 seconds of visual information requires a movement 

entirely “as planned”. The similarities of the walking profile between the 

younger and older children in the non-occluded trials did not correspond to 

previous developmental research (Chohan et al., 2008). It was discussed that the 

differences in ball velocity could explain the similarity of the walking profile 

between younger and older children. First of all, the ball velocities were much 

higher and secondly, they were scaled to the maximum walking velocity of each 

individual participant. 

Chapter three aimed to determine whether children with SUCP consider 

their disability early in the movement. This is investigated by examining 

whether they execute the movement in a similar way with their impaired and 

less-impaired hand. In addition, it was investigated whether differences are 

present at the beginning of the movement, which could indicate possible 

planning aspects. In this experiment, only children with LHL were included to 

investigate the effects of a left brain damage on the capabilities of interception 

with the impaired and less-impaired hand. In addition, the relationship between 

the moving ball and the participant was investigated by means of the so-called 

bearing angle (BA). This angle is shown to be constant in adults during a 

similar interceptive task (Chohan et al., 2006). Children with LHL seemed to 

have less successful trials when grasping with the impaired hand. The results 

showed that the walking velocity was adjusted to the ball velocity. When they 

had to grasp with the impaired hand, children initially moved faster to the 

interception point, while closer to the belt significant slower. This apparent 

forward planning of the whole action did not fully compensate for the difference 

in ability between both hands. As a result of these adjustments, the amount of 

variation from the constant BA seemed to deviate more from typically 

developing children when grasping with impaired hand, than when grasping 
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with the less-impaired hand. In addition, children grasped with the impaired 

hand relatively later in the frontal condition in comparison to the lateral 

condition. The reduced movement possibilities of children with SUCP (Ricken 

et al., 2006) might be revealed more prominently in this condition because 

participants had a larger distance to overcome and therefore, they had to extend 

their arm more when grasping from a frontal position in comparison to a lateral 

position. In chapter 3, calculating the BA as well as the walking velocity profile 

provided important information. The BA indicates to what extent the participant 

couples their movement with the to-be-intercepted object and therefore 

combines several variables in one. The walking velocity profile, on the other 

hand, provides direct information about the distribution of the walking velocity, 

but does not consider the movement of the ball. Since the walking path is only 4 

meters in length, including an acceleration and deceleration phase, the 

organisation of the walking profile can reveal individual differences which are 

not shown by the BA. It was concluded that children with LHL were able to 

take their impairment into account at the beginning of the action. 

Chapter four aimed to determine which strategy children with SUCP 

use to initiate their walking and reach movements in order to determine possible 

lesion related differences. It was expected that the decision time to initiate their 

walking was longer for children with LHL in comparison to children with RHL, 

and TD children. Different strategies to initiate reaching could be used, that is, 

to initiate the interception movement at a fixed time interval (time strategy), or 

at a fixed distance (distance strategy) before contact with the ball. Children with 

LHL had a longer decision time and started their reach movement earlier in 

comparison to TD children, and children with RHL. In 56 % of the children 

with LHL, a distance strategy was observed, while in the TD children (11%) 

and the children with RHL (0%), the percentages were significantly lower, with 

a time strategy being the main finding instead. The side of the lesion seemed to 

influence the strategy used for interceptive actions. It was discussed that the 
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children with LHL seemed to have a less adaptive strategy than children with 

RHL and TD children. 

Both of the strategies require the use of visual information, but the time 

strategies will benefit over distance strategies under high ball velocities. The 

time strategy can be exploited across a larger variety of situations without 

resulting in performance decrements whereas a distance strategy only leads to 

accurate performance if the velocity is low and not changing (van Hof et al., 

2008). Nevertheless, such decrements were not shown in this chapter. The 

discussion also provided a potential explanation for the finding of time 

strategies in children with LHL (although a minority). The exact location of the 

lesion could explain the differences found within the group of children with 

LHL. Unfortunately no exact locations of the brain injury in these children were 

known. 

In chapter five, the gaze behaviour of children with SUCP performing 

the interceptive task was analyzed. It was investigated on which information 

sources children with SUCP fixated during the execution of the movement and, 

if this is related to the lesional side. It was found that children with LHL 

focused significantly less on the beginning of the trajectory of the ball compared 

to children with RHL. In addition, it was found that the percentage of viewing 

time on the final part of the ball trajectory (the interception point) was 

correlated to the accuracy with which both groups of children grasped. Longer 

viewing times on the interception point seemed to improve the performance of 

the children regardless of whether the lesion was in the right, or left hemisphere. 

It can be concluded that visual behaviour during the execution of the movement 

is dependent on the lesional side. It is suggested that the longer viewing time at 

the beginning of the trajectory of the ball of the children with RHL, in 

comparison to children with LHL, might be related to the problems in planning. 

The correlation between their performance, and the viewing time of the end of 
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the trajectory implies that perceptual training may be beneficial on improving 

the performance of interceptive tasks. 

This thesis suggests that there is a relationship between the use of visual 

information and the location of the lesion. It showed that children with LHL use 

different, less efficient, information sources and differed in their visual search 

pattern in comparison to children with RHL and TD children. Nevertheless, the 

eventual performance of children with LHL did not deviate from children with 

RHL, contrary to previous results on reach and grasp tasks. In addition, children 

with LHL seemed to be able to take their impairment into account during 

interceptive actions as indicated by adjustments in walking behaviour. 

However, these adjustments in walking velocity were not sufficient to 

compensate totally for the limited reaching ability in the impaired hand. 

 

Theoretical and methodological considerations 

The main aim of this thesis was to investigate the use of visual information 

during a complex interceptive task in children with SUCP. It was found that 

both children with LHL and children with RHL differed in the use of visual 

information when compared with TD children. Nevertheless, the main 

differences seemed to be present in children with LHL in comparison to 

children with RHL and TD children. The majority of children with LHL 

appeared to use a distance strategy in contrast to children with RHL and TD 

children, who both seemed to prefer a time strategy. Both of the strategies 

require the use of visual information, but the time strategy seemed to be more 

beneficial under increased time constraints in comparison to distance strategy. 

The time strategy is suitable in more situations than the distance strategy 

without resulting in performance decrements (van Hof et al., 2008). Therefore, 

it appears that the majority of the children with LHL used a less adaptive 

strategy to intercept. Nevertheless, the performance of children with LHL did 

not deviate from children with RHL, which is contrary to previous results on 
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reach and grasp tasks. In addition to these findings, the actual gaze behaviour 

appeared to be different in children with LHL compared to children with RHL. 

Nevertheless, these results were not be compared to TD children, so it is not 

possible to establish which group actually deviated from the TD children. 

Children with LHL on the other hand, were able to organise their movement 

behaviour to the extent that they seemed to compensate for their impaired hand 

in their walking behaviour (but with a slight decrement in performance). These 

results seemed to implicate that the use of visual information might be a 

limiting factor during interceptive behaviour. The current results therefore 

imply a connection between gaze and deficits in motor planning.  

In the studies presented in this thesis, only complex movements were 

performed by the participants which is contrary to previous studies which found 

motor planning difficulties in children with LHL. It might be expected that 

more complex tasks would increase the difference between children with LHL 

and children with RHL since the planning deficiency might become more 

obvious. Nevertheless, it was chosen to keep the children motivated by 

presenting task demands which were feasible. Our main focus was not to find 

differences in performance, but in their strategies used to guide their 

interceptive movement. The current experimental setup is a combination of 

planning, anticipation, and timing, which is necessary in daily life.  

In this thesis, several assumptions have been made. In chapter two, the 

visual information of the ball was partly blocked and it was therefore assumed 

that less visual information was available to control the interceptive movement. 

It has to be noted that the children had the opportunity to pick up visual 

information of the surroundings. The trajectory of the ball was predictable and 

may have helped with the estimation of the future position of the ball. In 

addition to this, in chapter five, the mobile eye was used to measure gaze 

behaviour of the participants. The goggles only measure the central gaze, and 

therefore any peripheral information which is used by the participants is 
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ignored. In the literature, it is hypothesized that the central view is more 

connected to the ventral stream while individuals use the peripheral view for 

vision for action, which would therefore be processed by the dorsal stream 

(Stephan et al., 2002).  

Chapter two and five included trials in which the ball was adapted to 

the maximum walking velocity of the participants. This seemed to create a more 

equal task demand in comparison to fixed ball velocity profiles. Nevertheless, 

this adaptation was not applied in all chapters. The studies in chapters three and 

four were conducted first. After observing these experiments, it seemed as if the 

same ball speed condition represented more difficulty for some children, who 

were more affected, in comparison to others, who were less affected by their 

disability. To exclude influences of these effects, it was chosen to adapt the ball 

speed condition to the maximum walking velocity of the children in chapters 

two and five. 

All children were recruited on voluntary basis and were not selected 

based on MRI scans. It is possible that the children who were less affected in 

daily life were most likely to participate. Nevertheless, it remains hard to select 

children with this handicap, even if for instance MRI scans are available. In 

order to actually determine differences in planning and control, one should 

know the actual streams active during the interceptive movement. Nevertheless, 

in future research, one can try to select children based upon functional PET 

scans and MRI scans prior to the experiments.  

In chapters three, four, and five, the experiments included conditions 

where the ball approached from the left, and from the right side (ipsi- and 

contralateral to the lesion). It was expected that the approach side may influence 

the visual information detection since attention biases have been found in 

individuals with brain damage in one side of the brain. For instance, in the study 

of Mattingley et al. (2004), attentional biases were examined in patients with 

right and left brain damage by means of the greyscales task. The greyscales task 
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consists of judging the darker side of two, left and right oriented gradients of 

brightness. Patients with LHL showed extreme leftward biases that were 

significantly larger than from that of the controls. In contrary, children with 

RHL showed extreme rightward biases. These pathological biases were present 

in patients without clinical neglect or visual field deficits. Nevertheless, in the 

current study, no major differences were found in the approach side. The 

possibility to move the head during the experiment could easily influence these 

effects to a large extent. Therefore, it is believed that the influence of approach 

side should not be ignored in future experiments. 

 

Future research 

The conclusions of the current thesis are based upon research in a particular 

test-design. The task included a combination of walking and grasping. Future 

research should investigate the transfer of these effects in other test designs. In 

addition to this test design, one can further investigate the planning deficiencies 

in the final part of the movement by combining the grasping of an object, with 

the transfer of the object to a different location. The study of Steenbergen et al. 

(2004) was concerned with grip selection criteria used for grip planning in 

adolescents with SUCP. They expected that a more functional task context 

would promote an end-state comfort effect. It was found that adolescents with 

LHL did not prefer particular selection criteria while adolescents with RHL 

showed the end-state comfort effect in all conditions. In the present study, the 

temporal aspects were more important, while in the study of Steenbergen et al. 

(2004), planning deficiencies were mainly found on spatial aspects (position of 

the hand). It is possible that planning deficiencies might occur very differently 

in spatial requirements as in temporal requirements. It could be that spatial 

planning causes problems, while the temporal planning is not affected. 

Therefore, in future research, it should be investigated if children with LHL 

would experience problems if the to-be-intercepted ball had to be transferred to 
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a certain position after its interception. If the ball would for instance, be 

replaced by a stick, which had to be placed in a hole, it could be investigated 

whether the spatial task at the end of the task affects their performance. In 

addition, it can be investigated whether this task at the end of the track affects 

their walking behaviour prior to grasping.  

Once the results are confirmed and further investigated in different test 

designs, great possibilities for rehabilitation can be provided. Until now, there 

are several studies indicating the potential of perceptual training to improve 

performance. This has become a popular item, especially in the sporting world. 

There have even been studies indicating that it is possible to learn the visual 

search behaviour of experts performing certain tasks, and therefore improving 

the behaviour of the novice (Oudejans et al., 2005; Savelsbergh et al., 2009). If 

we consider TD children to use the optimal visual search strategy, then maybe it 

is possible to train the visual behaviour of the children with LHL which may 

improve their interception behaviour. Therefore, visual training might be very 

beneficial in improving control of interceptive behaviour in people with SUCP. 

In the study of Crowdy et al. (2002), two patients with a cerebellar disease 

rehearsed eye-movements in order to improve their walking movements. There 

was a clear improvement in oculomotor and locomotor performance, which did 

not result from a simple repetition of the task. Therefore, several studies 

implicate the possible value of these training methods in rehabilitation. The 

therapy should include exercises where children with SUCP learn to pick up 

certain visual information to help them perform that activity similar to TD 

children.  

 

Possible implications for therapy can be found in sports. Anticipatory timing on 

the basis of visual information is one of the cornerstones of virtually every 

action in sports, such as catching, kicking, or batting a ball, avoiding an 

obstacle, and predicting the future location of a team-mate. The results of this 
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thesis suggest that children with LHL may use a less mature, as well as less 

adaptive strategy to initiate those actions. While the distance strategy used by 

children with LHL did not appear to be detrimental for performance in this 

experiment, this strategy has been shown to lead to more inaccuracy in other 

studies (van Hof et al, 2008) and this is also likely to be the case in more 

challenging sports situations. If the difficulties in sports experienced by children 

with LHL are of a different nature than the problems of children with RHL, they 

need to be addressed with differently tailored training programs. Planning 

problems related to the uptake and use of correct visual information may be 

improved with specific perceptual “coaching”, for example, using manipulation 

of visual information to teach children the optimal information variables and 

guidance strategies (Ward et al., 2002; Savelsbergh et al., 2005). However, 

further research is needed to identify the specific motor deficits of children with 

LHL and RHL in order to determine their respective effects on sports 

performance, and to explore the effectiveness of such training programs.  





 

 
123 

 

 

 

 

 

References 

 

 

 

 

 

 





References  

 

 
125 

Akshoomoff, N. A., Feroleto, C. C., Doyle, R. E., & Stiles, J. (2002). The 

impact of early unilateral brain injury on perceptual organization and 

visual memory. Neuropsychologia, 40(5), 539-561. 

Bard, C., Hay, L., & Fleury, M. (1990). Timing and accuracy of visually 

directed movements in children: control of direction and amplitude 

components. Journal of Experimental Child Psychology, 50(1), 102-

118. 

Busan, P., Monti, F., Pizzolato, G., Battaglini, P.P. (2009). Parieto-occipital 

cortex and planning of reaching movements: a transcranial magnetic 

stimulation study. Behavioural Brain Research, 201, 112-119. 

Caljouw, S. R., van der Kamp, J., & Savelsbergh, G. J. (2004a). Catching 

optical information for the regulation of timing. Experimental Brain 

Research, 155(4), 427-438. 

Caljouw, S. R., van der Kamp, J., & Savelsbergh, G. J. (2004b). Timing of goal-

directed hitting: impact requirements change the information-movement 

coupling. Experimental Brain Research, 155(2), 135-144. 

Carr, L. J., Reddy, S. K., Stevens, S., Blair, E., & Love, S. (2005). Definition 

and classification of cerebral palsy. Developmental Medicine and Child 

Neurology, 47(8), 508-510. 

Chardenon, A., Montagne, G., Buekers, M. J., & Laurent, M. (2002). The visual 

control of ball interception during human locomotion. Neuroscience 

Letters, 334(1), 13-16. 

Chardenon, A., Montagne, G., Laurent, M., & Bootsma, R. J. (2004). The 

perceptual control of goal-directed locomotion: a common control 

architecture for interception and navigation? Experimental Brain 

Research, 158(1), 100-108. 

Chardenon, A., Montagne, G., Laurent, M., & Bootsma, R. J. (2005). A robust 

solution for dealing with environmental changes in intercepting moving 

balls. Journal of Motor Behavior, 37(1), 52-64. 



 References 

 

  
126 

Charles, J. R., & Gordon, A. M. (2007). A repeated course of constraint- 

induced movement therapy results in further improvement. 

Developmental Medicine & Child Neurology, 49(10), 770-773. 

Chohan, A., Savelsbergh, G. J., van Kampen, P., Wind, M., & Verheul, M. H. 

(2006). Postural adjustments and bearing angle use in interceptive 

actions. Experimental Brain Research, 171(1), 47-55. 

Chohan, A., Verheul, M. H., Van Kampen, P. M., Wind, M., & Savelsbergh, G. 

J. (2008). Children's Use of the Bearing Angle in Interceptive Actions. 

Journal of Motor Behavior, 40(1), 18-28. 

Colarusso, R. P., & Hammill, D. D. (2003). Motor-Free Visual Perception Test 

(3 ed.). Novato, California: Acedemic Therapy Publications. 

Crowdy, K. A., Kaur-Mann, D., Cooper, H. L., Mansfield, A. G., Offord, J. L., 

& Marple-Horvat, D. E. (2002). Rehearsal by eye movement improves 

visuomotor performance in cerebellar patients. Experimental Brain 

Research, 146(2), 244-247. 

da Cunha Matta, A. P., Nunes, G., Rossi, L., Lawisch, V., Dellatolas, G., & 

Braga, L. (2008). Outpatient evaluation of vision and ocular motricity 

in 123 children with cerebral palsy. Developmental 

Neurorehabilitation, 11(2), 159-165. 

Diaz, G. J., Philips, F., Fajen, B. R. (2009). Intercepting moving targets: a little 

foresight helps a lot. Experimental Brain Research, 195, 345-360. 

Elliott, D. (2008). Visual context and representation can help! International 

Journal of Sport Psychology, 39(2), 142-148. 

Elliott, D., Helsen, W. F., & Chua, R. (2001). A century later: Woodworth's 

(1899) two-component model of goal-directed aiming. Psychological 

Bulletin, 127(3), 342-357. 

Fajen, B. R., & Warren, W. H. (2007). Behavioral dynamics of intercepting a 

moving target. Experimental Brain Research, 180(2), 303-319. 

Feltham, M. G. (2009). The 'mirror box' illusion: Manipulation of visual  



References  

 

 
127 

information in children with and without spastic hemiparetic cerebral 

palsy. Vrije Universiteit. Amsterdam. PhD. 

Glover, S. (2004). Separate visual representations in the planning and control of 

action. The Behavioral and Brain Sciences, 27(1), 3-24; discussion 24-

78. 

Gordon, A. M., Charles, J., & Wolf, S. L. (2005). Methods of constraint- 

induced movement therapy for children with hemiplegic cerebral palsy: 

development of a child-friendly intervention for improving upper-

extremity function. Archives of Physical Medicine and Rehabilitation, 

86(4), 837-844. 

Gorter, J. W., Rosenbaum, P. L., Hanna, S. E., Palisano, R. J., Bartlett, D. J., 

Russell, D. J., et al. (2004). Limb distribution, motor impairment, and 

functional classification of cerebral palsy. Developmental Medicine and 

Child Neurology, 46(7), 461-467. 

Haaland, K. Y., Prestopnik, J. L., Knight, R. T., & Lee, R. R. (2004). 

Hemispheric asymmetries for kinematic and positional aspects of 

reaching. Brain, 127(Pt 5), 1145-1158. 

Johnson-Frey, S. H., Newman-Norlund, R., & Grafton, S. T. (2005). A 

distributed left hemisphere network active during planning of everyday 

tool use skills. Cerebral Cortex, 15(6), 681-695. 

Kayed, N. S., & van der Meer, A. L. (2007). Infants' timing strategies to optical 

collisions: a longitudinal study. Infant Behavior & Development, 30(1), 

50-59. 

Kuhtz-Buschbeck, J. P., Stolze, H., Boczek-Funcke, A., Johnk, K., Heinrichs, 

H., & Illert, M. (1998). Kinematic analysis of prehension movements in 

children. Behavioural Brain Research, 93(1-2), 131-141. 

Kuhtz-Buschbeck, J. P., Stolze, H., Johnk, K., Boczek-Funcke, A., & Illert, M. 

(1998). Development of prehension movements in children: a kinematic 

study. Experimental Brain Research, 122(4), 424-432. 



 References 

 

  
128 

Lenoir, M., Musch, E., Janssens, M., Thiery, E., & Uyttenhove, J. (1999). 

Intercepting Moving Objects During Self-Motion. Journal of Motor 

Behavior, 31(1), 55-67. 

Lenoir, M., Musch, E., Thiery, E., & Savelsbergh, G. J. (2002). Rate of change 

of angular bearing as the relevant property in a horizontal interception 

task during locomotion. Journal of Motor Behavior, 34(4), 385-404. 

Lenoir, M., Savelsbergh, G. J., Musch, E., Thiery, E., Uyttenhove, J., & 

Janssens, M. (1999). Intercepting moving objects during self-motion: 

effects of environmental changes. Research Quarterly for Exercise and 

Sport, 70(4), 349-360. 

Mackey, A. H., Walt, S. E., & Stott, N. S. (2006). Deficits in upper-limb task 

performance in children with hemiplegic cerebral palsy as defined by 3-

dimensional kinematics. Archives of Physical Medicine and 

Rehabilitation, 87(2), 207-215. 

Mattingley, J. B., Berberovic, N., Corben, L., Slavin, M. J., Nicholls, M. E., & 

Bradshaw, J. L. (2004). The greyscales task: a perceptual measure of 

attentional bias following unilateral hemispheric damage. 

Neuropsychologia, 42(3), 387-394. 

Mazyn, L. I. N., Savelsbergh, G. J. P., Montagne, G., Lenoir, M. (2007). 

Planning and on-line control as a function of perceptual-motor 

constraints. Acta Psychologica, 59-78. 

Miller, F. (2005). Cerebral Palsy. Springer: New York. 

Milner, A. D., & Goodale, M. A. (1995). The visual brain in action (3rd ed.). 

Oxford: Oxford University Press. 

Milner, A. D., & Goodale, M. A. (2008). Two visual systems re-viewed. 

Neuropsychologia, 46(3), 774-785. 

Montagne, G., Laurent, M., Durey, A., & Bootsma, R. (1999). Movement 

reversals in ball catching. Experimental Brain Research, 129(1), 87-92. 



References  

 

 
129 

Mutsaarts, M., Steenbergen, B., & Bekkering, H. (2005). Anticipatory planning 

of movement sequences in hemiparetic cerebral palsy. Motor Control, 

9(4), 439-458. 

Mutsaarts, M., Steenbergen, B., & Meulenbroek, R. (2004). A detailed analysis 

of the planning and execution of prehension movements by three 

adolescents with spastic hemiparesis due to cerebral palsy. 

Experimental Brain Research, 156(3), 293-304. 

Netelenbos, J. B., & Van Rooij, L. (2004). Visual search in school-aged 

children with unilateral brain lesions. Developmental Medicine and 

Child Neurology, 46(5), 334-339. 

Odding, E., Roebroeck, M. E., & Stam, H. J. (2006). The epidemiology of 

cerebral palsy: incidence, impairments and risk factors. Disability and 

Rehabilitation, 28(4), 183-191. 

Oldfield, R. C. (1971). The assessment and analysis of handedness: the 

Edinburgh inventory. Neuropsychologia, 9(1), 97-113. 

Oudejans, R. R. D., Koedijker, J. M., Bleijendaal, I., & Bakker, F. C. (2005). 

The education of attention in aiming at a far target; Training visual 

control in basketball jump shooting. International Journal of Sport and 

Exercise Psychology, 3,  197-221. 

Radoeva, P. D., Cohen, J. D., Corballis, P. M., Lukovits, T. G., & Koleva, S. G. 

(2005). Hemispheric asymmetry in a dissociation between the 

visuomotor and visuoperceptual streams. Neuropsychologia, 43(12), 

1763-1773. 

Ricken, A. X., Savelsbergh, G. J., & Bennett, S. J. (2006). External timing 

constraints facilitate performance of everyday interceptive actions in 

children with Spastic Hemiparetic Cerebral Palsy. Neuroscience 

Letters, 410(3), 187-192. 



 References 

 

  
130 

Ricken, A. X., Savelsbergh, G. J., & Bennett, S. J. (2007). Interception of 

moving objects while walking in children with spastic hemiparetic 

cerebral palsy. Disability and Rehabilitation, 29(1), 69-77. 

Rushworth, M. F., Nixon, P. D., Wade, D. T., Renowden, S., & Passingham, R. 

E. (1998). The left hemisphere and the selection of learned actions. 

Neuropsychologia, 36(1), 11-24. 

Savelsbergh, G. J., Van der Kamp, J., Williams, A. M., & Ward, P. (2005). 

Anticipation and visual search behaviour in expert soccer goalkeepers. 

Ergonomics, 48(11-14), 1686-1697. 

Savelsbergh, G. J., Williams, A. M., Van der Kamp, J., & Ward, P. (2002). 

Visual search, anticipation and expertise in soccer goalkeepers. Journal 

of Sports Sciences, 20(3), 279-287. 

Savelsbergh, G. J. P., van Gastel, P. J., & van Kampen, P. M. (2009). 

Anticipation of penalty kicking direction can be improved by directing 

attention through perceptual training. International Journal of Sport 

Psychology (in press). 

Stanley, F., Blair, E., & Alberman, E. (2000). Cerebral Palsies: Epidemiology 

and Causal Pathways. London: Mac Keith Press. 

Steenbergen, B., & Gordon, A. M. (2006). Activity limitation in hemiplegic 

cerebral palsy: evidence for disorders in motor planning. 

Developmental Medicine and Child Neurology, 48(9), 780-783. 

Steenbergen, B., Meulenbroek, R. G., & Rosenbaum, D. A. (2004). Constraints 

on grip selection in hemiparetic cerebral palsy: effects of lesional side, 

end-point accuracy, and context. Brain Research. Cognitive Brain 

Research, 19(2), 145-159. 

Steenbergen, B., & Van der Kamp, J. (2004). Control of prehension in 

hemiparetic cerebral palsy: similarities and differences between the 

ipsi- and contra-lesional sides of the body. Developmental Medicine 

and Child Neurology, 46(5), 325-332. 



References  

 

 
131 

Steenbergen, B., & Van der Kamp, J. (2008). Attentional Processes of High-

Skilled Soccer Players With Congentinal Hemiparesis: Differences 

Related to the Side of the Hemisheric Lesion. Motor Control, 12, p55-

66. 

Steenbergen, B., Van Thiel, E., Hulstijn, W., & Meulenbroek, R. G. (2000). The 

coordination of reaching and grasping in spastic hemiparesis. Human 

Movement Science, 19, 75-105. 

Steenbergen, B., Verrel, J., & Gordon, A. M. (2007). Motor planning in 

congenital hemiplegia. Disability and Rehabilitation, 29(1), 13-23. 

Stephan, J. M., Aine, C. J., Christner, R. F., Ranken, D., Huang, M., & Best, E. 

(2002). Central versus peripheral visual field stimulation results in 

timing differences in dorsal stream sources as measured with MEG. 

Vision Research, 42, 3059 - 3074. 

Tant, M. L., Kuks, J. B., Kooijman, A. C., Cornelissen, F. W., & Brouwer, W. 

H. (2002). Grey scales uncover similar attentional effects in 

homonymous hemianopia and visual hemi-neglect. Neuropsychologia, 

40(8), 1474-1481. 

Te Velde, A., Savelsbergh, G. J., Barela, J. A., & Van der Kamp, J. (2003). 

Safety in road crossing of children with cerebral palsy. Acta 

Paediatrica, 92(10), 1197-1204. 

Te Velde, A. F., Van der Kamp, J., Becher, J. G., Van Bennekom, C., & 

Savelsbergh, G. J. (2005). Planning and control in a manual collision 

avoidance task by children with hemiparesis. Motor Control, 9(4), 417-

438. 

Vallis, L. A., & McFadyen, B. J. (2005). Children use different anticipatory 

control strategies than adults to circumvent an obstacle in the travel 

path. Experimental Brain Research, 167(1), 119-127. 



 References 

 

  
132 

Van der Kamp, J., Oudejans, R. R., & Savelsbergh, G. J. P. (2003). The 

development and learning of the visual control of movement: An 

ecological perspective. Infant Behavior & Development, 26, 495-515. 

Van der Weel, F. R., Van der Meer, A. L., & Lee, D. N. (1991). Effect of task 

on movement control in cerebral palsy: implications for assessment and 

therapy. Developmental Medicine and Child Neurology, 33(5), 419-

426. 

Van der Weel, F. R., Van der Meer, A. L., & Lee, D. N. (1996). Measuring 

dysfunction of basic movement control in cerebral palsy. Human 

Movement Science, 15, 253-283. 

Van der Wel, R. P., & Rosenbaum, D. A. (2007). Coordination of locomotion 

and prehension. Experimental Brain Research, 176(2), 281-287. 

Van Doorn, H., van der Kamp, J., de Wit, M., & Savelsbergh, G. J. (2009). 

Another look at the Muller-Lyer illusion: different gaze patterns in 

vision for action and perception. Neuropsychologia, 47(3), 804-812. 

Van Hof, P., van der Kamp, J., & Savelsbergh, G. J. (2008). The relation 

between infants' perception of catchableness and the control of 

catching. Developmental Psychology, 44(1), 182-194. 

Van Kampen, P. M., Ledebt, A., & Savelsbergh, G. J. (2008). Visual guidance 

during an interception task in children with Spastic Hemiparetic 

Cerebral Palsy. Neuroscience Letters, 432(1), 7-12. 

Van Roon, D., Caeyenberghs, K., Swinnen, S. P., & Smits-Engelsman, B. C. 

(2008). Development of feedforward control in a dynamic manual 

tracking task. Child Development, 79(4), 852-865. 

Van Thiel, E., Meulenbroek, R. G., Hulstijn, W., & Steenbergen, B. (2000). 

Kinematics of fast hemiparetic aiming movements toward stationary 

and moving targets. Experimental Brain Research, 132(2), 230-242. 

Verrel, J., Bekkering, H., & Steenbergen, B. (2008). Eye-hand coordination 

during manual object transport with the affected and less affected hand 



References  

 

 
133 

in adolescents with hemiparetic cerebral palsy. Experimental Brain 

Research, 187(1), 107-116. 

Von Hofsten, C. (1983). Catching skills in infancy. Journal of Experimental 

Psychology: Human Perception and Performance, 9(1), 75-85. 

Wakeling, J., Delaney, R., & Dudkiewicz, I. (2007). A method for quantifying  

dynamic muscle dysfunction in children and young adults with cerebral 

palsy. Gait & Posture, 25, 580-589. 

Ward, P., Williams, A. M., & Bennett, S. J. (2002). Visual search and biological 

motion perception in tennis. Research Quarterly for Exercise and Sport, 

73(1), 107-112. 

Yavuzer, G., Selles, R., Sezer, N., Sutbeyaz, S., Bussmann, J. B., Koseoglu, F.,  

et al. (2008). Mirror therapy improves hand function in subacute stroke: 

a randomized controlled trial. Archives of Physical Medicine and 

Rehabilitation, 89(3), 393-398. 

 

 





 

 
135 

 

 

 

 

 

Samenvatting 

 

 

 

 

 

 

 





Samenvatting  

 

 
137 

Doelgerichte bewegingen bij kinderen met Spastische Unilaterale 

Cerebrale Parese 

 

 

In dit proefschrift wordt de visuele informatie van kinderen met cerebrale 

parese onderzocht tijdens doelgerichte bewegingen. Dit wordt gedaan in een 

taak waarbij kinderen een bal moeten onderscheppen terwijl zij aan het lopen 

zijn. Het pakken van een bal is iets wat voor ons wordt beschouwd tot een 

simpele taak. Wij lijken weinig problemen te hebben met het inschatten van de 

snelheid van een bewegend object. Als iemand een bal naar ons gooit zijn wij in 

staat deze te vangen zolang de snelheid van de bal niet te hoog ligt. Kinderen 

met een Spastische Unilaterale Cerebrale Parese (SUCP) hebben te maken met 

spasticiteit aan één zijde van het lichaam. Door deze bewegingsstoornis treden 

tijdens de uitvoering van bewegingen overmatige samentrekkingen van spieren 

op ten gevolge van snelheidsafhankelijke verhoging van tonische reflexen. 

Hierdoor ontstaat er een onvermogen om de motoriek goed te controleren. 

Recentelijk is er geopperd dat de adaptatiebeperkingen bij kinderen met 

cerebrale parese niet alleen gelimiteerd zijn tot een motorische component maar 

dat ook de planning en anticipatie (actieplanning) hiertoe bijdraagt. Deze 

zogenoemde actieplanning speelt een belangrijke rol in het onderscheppen of 

vermijden van bewegende voorwerpen.  

In dit proefschrift wilde ik onderzoeken wat de invloed van 

actieplanning en controle is op de mogelijkheden tot motorische adaptatie. Deze 

vraag werd onderzocht in vier experimentele testdesigns die staan beschreven in 

hoofdstuk 2 tot en met 5. Hiertoe werd het onderscheppingsgedrag van gezonde 

kinderen van verschillende leeftijden en kinderen met SUCP bestudeerd. Het 

doel was om een gedetailleerd beeld te krijgen van de problemen die zich bij 

SUCP kinderen kunnen voordoen en te onderzoeken of de afwijking in het 

oppikken van visuele informatie een mogelijke oorzaak zou kunnen zijn.  



 Samenvatting 

 

  
138 

Het theoretisch kader dat ten grondslag ligt aan dit proefschrift, is 

gebaseerd op het model van Glover (2004). In dit model staat de oorsprong van 

de planning problemen beschreven. In hoofdstuk 1 wordt dit theoretisch kader 

verder uitgewerkt en wordt een recentelijk overzicht gegeven van de bestaande 

literatuur op dit gebied.  

In hoofdstuk 2 is het bewegingsgedrag bij typisch ontwikkelde (TO) 

kinderen onderzocht. Er werd verwacht dat jongere kinderen in de leeftijd van 6 

tot 9 jaar meer moeite zouden hebben met het plannen van een beweging dan 

oudere kinderen in de leeftijd van 10 tot 13 jaar. Om dit te onderzoeken 

moesten de kinderen loodrecht naar een smalle lopende band lopen (op 4 meter 

afstand) waar een bal over verplaatst werd. De taak was om de bal te 

onderscheppen op het juiste moment. De actieplanning werd onderzocht door 

gedeelten van het traject van de bal te blinderen zodat de kinderen vooruit 

moesten plannen om de bal op tijd te onderscheppen. De resultaten lieten zien 

dat jongere en oudere kinderen minder ballen konden pakken wanneer een 

gedeelte van het traject geblindeerd was. Daarnaast bleek het looppatroon en de 

timing van de reikbeweging niet te verschillen tussen de groepen onder de 

verschillende omstandigheden.  

Vervolgens heb ik in hoofdstuk 3 gekeken hoe kinderen met SUCP de 

eerdergenoemde doelgerichte taak uitvoeren en of zij in staat zijn hun eigen 

beperkingen in te schatten. Er is gekeken naar het loop- en grijpgedrag tijdens 

het onderscheppen van de bal met de aangedane hand en het onderscheppen van 

de bal met de minder aangedane hand. De resultaten van deze studie lieten zien 

dat het loopgedrag werd aangepast aan de balsnelheid. De kinderen liepen aan 

het begin van het looptraject sneller en vlakbij de lopende band langzamer 

wanneer zij met de aangedane hand grepen. Wanneer zij met de minder 

aangedane hand grepen was het loopgedrag meer constant. Deze aanpassing in 

het loopgedrag was toch niet voldoende om de prestatie van het aantal gepakte 

ballen tussen de aangedane en minder aangedane hand gelijk te trekken. De 
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deelnemers in deze studie hadden allemaal een aandoening in de linker 

hersenhelft. Daarom kan worden gesteld dat kinderen met een linker lesie 

(LHL) wel degelijk een planning maken die is aangepast aan de eigen 

capaciteit. Deze aanpassing compenseert de problemen echter niet volledig. 

In hoofdstuk 4 wordt verder ingegaan op de verschillen tussen de groep 

TO kinderen, kinderen met LHL en kinderen met een rechter lesie (RHL). Er is 

gekeken naar de strategie die de kinderen gebruiken voor het grijpen van de bal 

met de minder aangedane hand. In dit experiment werd de bal versneld en 

vertraagd tijdens het traject. Het merendeel van de kinderen met een LHL 

bleken de reikbeweging te starten op het moment dat de bal op een vaste afstand 

van het interceptiepunt verwijderd was (afstandstrategie). Dit is in tegenstelling 

tot de TO kinderen en de kinderen met RHL die bijna allemaal op een vast 

tijdstip begonnen met hun reikbeweging (tijdstrategie). De tijdstrategie wordt 

gezien als een efficiëntere strategie aangezien het dan mogelijk is om de bal te 

onderscheppen ook al verandert de snelheid van de bal. Het looptraject laat geen 

opvallende verschillen zien tussen de drie groepen.  

Om de invloed van de visuele informatie op het bewegingsgedrag 

verder te onderzoeken wordt er in hoofdstuk 5 gekeken naar de verschillen in 

kijkgedrag tussen kinderen met LHL en kinderen met RHL. Het kijkgedrag van 

de kinderen werd nauwkeurig bijgehouden via het oogregistratiesysteem 

genaamd mobile-eye. Tevens werd een gedeelte van het traject van de bal 

geblindeerd om te onderzoeken of dit het kijkgedrag zou beïnvloeden. De 

resultaten lieten zien dat kinderen met een RHL meer naar het beginpunt keken 

ten opzichte van kinderen met LHL. Daarnaast leek het erop dat wanneer de bal 

niet geblindeerd werd de kinderen met LHL duidelijk meer naar het gebied 

keken waar de bal zich bevond. Het leek erop dat de kinderen met LHL de bal 

meer onder visuele controle houden. 

In hoofdstuk 6 worden de bevindingen van elk hoofdstuk samengevat, 

besproken en waar mogelijk verklaard. Het is duidelijk dat kinderen met LHL in 
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staat zijn om relevante waargenomen informatie te gebruiken voor het optimaal 

coördineren van hun bewegingen. De combinatie van lopen en grijpen faciliteert 

de beweging voor ze en stelt ze in staat om te compenseren waar mogelijk. 

Toch blijkt dat ze op veel aspecten nog net iets te kort schieten. Ze 

compenseren, maar net niet voldoende genoeg om de prestatie gelijk te houden. 

Ze lijken gebruik te maken van minder efficiënte strategieën. Naast deze minder 

efficiënte strategieën vinden we ook verschillen in het oppikken van visuele 

informatie. Het lijkt dus dat ze online nog heel wat kunnen verbeteren. Een 

perceptuele training ontwikkelen zou een oplossing kunnen zijn. Op dit gebied 

zou meer onderzoek moeten worden gedaan. In de toekomst kan dit een 

aanvulling zijn op het al bestaande revalidatieprogramma.  
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Deze laatste paar pagina’s, die voor veel mensen de eerste paar pagina’s zijn die 

ze van dit proefschrift lezen (foei, eerst beginnen met de inleiding!!), wil ik 

gebruiken om een aantal mensen te bedanken die ervoor gezorgd hebben dat dit 

proefschrift tot een goed einde is gebracht. 

Allereerst wil ik mijn promotor en co-promotor bedanken. Beste Geert, 

bedankt voor het vertrouwen dat je in mij hebt gehad de afgelopen jaren en de 

kans die je mij hebt gegeven om aan dit promotietraject te beginnen. Je hebt 

ervoor gezorgd dat ik altijd de grote lijnen van het onderzoek bleef zien. Iets 

wat ik erg gewaardeerd heb op momenten dat ik met alle data aan het puzzelen 

was. Wanneer ik ergens tegenaan liep, wist ik dat ik alleen maar even bij je 

hoefde aan te kloppen om weer nieuwe inspiratie op te doen.  

Beste Annick, bedankt voor alle begeleiding die je geboden hebt in de 

afgelopen drie jaar. Ik heb altijd fijn met je samengewerkt en veel van je 

geleerd, in het bijzonder door jouw uitgebreide kennis over CP. Bedankt voor 

het oneindig doornemen van mijn (vaak niet al te best geschreven) Engelse 

teksten. En natuurlijk bedankt voor alle gezelligheid! 

Daarnaast zijn er een aantal mensen die zijdelings betrokken zijn 

geweest bij het proefschrift. Frederik, bedankt voor je hulp aan hoofdstuk 4 en 

natuurlijk voor het warme welkom in Engeland. Jeroen en John, bedankt voor 

jullie hulp aan hoofdstuk 5. Ik hoop dat we dit hoofdstuk nog samen kunnen 

afronden tot een mooie publicatie. 

Tijdens de metingen die ik uitgevoerd heb kon ik gelukkig altijd op 

hulp rekenen: Vanesa, Nick, Linda, Ellen, Kairi, Max, Sascha, Nienke, Ana 

bedankt voor jullie enthousiasme, gezelligheid en deskundigheid tijdens de 

meetperiodes. Ik wil daarbij in het bijzonder Ana en Kairi bedanken voor de 

analyses die jullie hebben uitgevoerd. 

Bij een goede meting hoort natuurlijk een goede technische 

ondersteuning. Bij deze wil ik de TOD van FBW en in het bijzonder Siro 

bedanken voor het vertalen van de ideeën naar technische oplossingen. 
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Daarnaast waren de metingen die wij uitgevoerd hebben niet mogelijk 

zonder het enthousiasme en de welwillendheid van de ouders en kinderen. 

Daarom wil ik alle ouders en kinderen bedanken voor deelname aan het 

onderzoek. Ook Johannes Verheijden van het BOSK en Herwin Horemans van 

het Erasmus MC wil ik graag bedanken voor de hulp bij het werven van 

proefpersonen. 

Dear Wendy en Stephanie, thanks for arranging all the paperwork in 

England for me. There are not enough cheeses or stroopwafels which can 

compensate for that!  

Naast hard werken moet er ook altijd tijd zijn voor een beetje 

ontspanning. Gelukkig kan dat ook op de zesde etage van de medische faculteit. 

Dank aan alle collega’s en vrienden binnen de faculteit. Er is altijd wel iemand 

waarbij je terecht kan voor advies over matlab of je opstelling, of waarmee je 

gewoon een gezellig kletspraatje kunt maken. Alle Aio’s binnen de faculteit: 

bedankt voor de vele kopjes koffie (lees: cola light), gezelligheid en 

stapavonden. In het bijzonder wil ik graag nog de volgende mensen bedanken: 

Allistair, Astrid, Johan, Margot (3e paranimf!), Mathijs, Menno, Sascha en 

Teatske. 

Thanks to my dear colleagues and friends in Alsager and Manchester 

who made my live in England enjoyable! Thank god we moved up from the 

Brandies to the Ritz (??!!!). 

Ik wil graag al mijn vrienden en (schoon)familie bedanken voor de 

nodige ontspanning naast het proefschrift. De gezellige etentjes, verjaardagen, 

feestjes, basketbalwedstrijden en goede gesprekken hebben ervoor gezorgd dat 

ik niet helemaal doorgedraaid ben. De ruimte is te klein om iedereen 

afzonderlijk te noemen, maar ik ben erg blij met jullie!! En ik zal beloven de 

komende tijd eens over wat anders te praten dan mijn proefschrift… 



Dankwoord  
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Een speciaal bedankje aan Marco voor het ontwerpen van de prachtige 

voorkant van het proefschrift! En mijn ‘zwager’ Michiel voor het mooie pak 

waarin ik straks mijn proefschrift mag verdedigen!   

Daarnaast ben ik erg blij dat mijn broer en zus naast mij zullen staan 

tijdens de verdediging. Ik kan altijd op jullie rekenen en daar ben ik erg 

dankbaar voor!!  

Mama en Papa bedankt voor jullie onvoorwaardelijke steun. Van jongs 

af aan hebben jullie altijd voor mij klaargestaan en mij altijd gesteund in wat ik 

wilde doen. Zonder jullie had dit proefschrift er niet gelegen. 

Mario, de afgelopen jaren hebben veel dingen voor dit proefschrift 

moeten wijken. Vakanties die uitgesteld werden, heen en weer gereis tussen 

Engeland en Nederland… Toch heb je altijd voor mij klaargestaan en me 

geholpen waar mogelijk. Bedankt dat je er bent ☺. 
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