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ABSTRACT

The aim of this dissertation was to examine the role of sensory information for control of 
goal-directed arm movements in children. The role of visual and proprioceptive 
information on the target for end point accuracy was examined in normal 4- to 12-year- 
old children (Study I), and in children with motor impairments (Study II). Accuracy in 
pointing with the unseen hand was found to improve rapidly during the age period tested, 
with the most pronounced development taking place in the preschool years. Visual 
specification of the target was superior to proprioceptive specification for all age groups 
tested. The performance of children with motor impairments was more variable than that 
of the non-impaired children, and this effect was most pronounced when visual 
information about the target was unavailable. The importance of visual information for 
controlling the transport and handling part of reaching movements were examined in 
normal 6- to 8-year-old children (Study III), and in children with developmental 
coordination disorders (Study IV). Object handling required visual information on both 
target and hand. For the transport phase of the movement visual information on target 
was sufficient, and sight of hand did not improve performance. The young children were 
relatively more impaired than the older children when lacking adequate visual 
information. The children with developmental coordination disorders responded to the 
withdrawal of visual information in a similar way to that of the normally developed 
children. A discontinuity at 7 years of age in the development of perceptual control of 
pointing movements, observed in Study I, was further investigated and confirmed in 
study V. In this study the ability to control movements visually and prorioceptively was 
also investigated and found to develop in parallel rather than one being a prerequisite for 
the other.
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ABSTRACT

Rösblad, B. Visual and proprioceptive control of arm movements: Studies of 
development and dysfunction. Doctoral Dissertation, Department of 
Peadiatrics, Umeå University, S-901 87 Umeå, Sweden, 1994; ISBN 91-7174-886- 
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The aim of this dissertation was to examine the role of sensory 
information for control of goal-directed arm movements in children. 
The role of visual and proprioceptive information on the target for 
end point accuracy was examined in normal 4- to 12-year-old 
children (Study I), and in children with motor impairments (Study 
II). Accuracy in pointing with the unseen hand was found to 
improve rapidly during the age period tested, with the most 
pronounced development taking place in the preschool years. 
Visual specification of the target was superior to proprioceptive 
specification for all age groups tested. The performance of children 
with motor impairments was more variable than that of the non- 
impaired children, and this effect was most pronounced when 
visual information about the target was unavailable. The 
importance of visual information for controlling the transport and 
handling part of reaching movements were examined in normal 6- 
to 8-year-old children (Study III), and in children with 
developmental coordination disorders (Study IV). Object handling 
required visual information on both target and hand. For the 
transport phase of the movement visual information on target was 
sufficient, and sight of hand did not improve performance. The 
young children were relatively more impaired than the older 
children when lacking adequate visual information. The children 
with developmental coordination disorders responded to the 
withdrawal of visual information in a similar way to that of the 
normally developed children. A discontinuity at 7 years of age in 
the development of perceptual control of pointing movements, 
observed in Study I, was further investigated and confirmed in 
study V. In this study the ability to control movements visually and 
prorioceptively was also investigated and found to develop in 
parallel rather than one being a prerequisite for the other.
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movements, child, motor impairments, sensorimotor development.
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PREFACE
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II. Rösblad, B., & von Hofsten, C. (1992). Perceptual control of 
manual pointing in children with motor impairments. Physical 
Theory and Practice, 8, 223-233.

III. Rösblad, B. (1994). Roles of visual information for control of 
reaching movements in children. Manuscript submitted for 
publication.

IV. Rösblad, B., & von Hofsten, C. (1994). Repetitive goal directed
arm movements in children with developmental coordination 
disorders. Adapted Physical Activity Quarterly, 11, 190-202.

V. Rösblad, B. (1994). Visual and proprioceptive factors in the 
development of motor skills. Manuscript.
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INTRODUCTION

Almost all motor activities we engage in involve interaction with 
the environment. When we walk or reach out for a glass of water or 
turn on a light switch our acting body is interacting with the 
environment. Developing motor skills require that the child's ability 
to perceive and utilize information on the outer world as well as the 
properties of its own body develops. Motor development is thus in 
truth sensorimotor development. In this dissertation the role of 
sensory information for control of arm movements was studied. Are 
the requirements for sensory information for control of arm 
movements fundamentally different in children compared to 
adults? How is performance in children affected when sensory 
information is limited?

To understand the sensory motor development of the child, 
insight into the fully developed system is necessary. In this 
introduction I will therefore first discuss the role of vision and 
proprioception for control of arm movements in adults, then turn to 
the developing sensorimotor system in children and finally to 
children with sensorimotor impairments.

Visual and proprioceptive control of arm movements in 
adults

Roles of vision
For control of goal-directed arm movements we need information 
about the target as well as our own body. Vision and 
proprioception1 are the two important sensory modalities 
supplying this information. An arm movement aimed at a target 
can be divided into two components: a transport phase which 
brings the hand to the target and a terminal phase in which end 
point accuracy is achieved (Jeannerod, 1981). This division of the 
motor act into components is useful when discussing the role of 
vision and proprioception for control of arm movements.

1 The term proprioception will here denote the information about positions 
and movements of our own body, provided by receptors in muscles, tendons, 
joints and skin (Sherrington, 1906).
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Vision will define target position before movement onset. 
There is evidence that the information is in parameters such as 
amplitude, direction and object size, and processed in parallel 
processing channels (Favilla, Gordon, Hening & Ghez, 1990; Favilla, 
Hening & Ghez, 1989; Jeannerod, Paulignan, Mackenzie, & 
Martiniuk, 1992.)

Visual feedback of the hand during the transport phase of the 
movement is not crucial. Jeannerod (1981, 1984) demonstrated that 
the the general pattern of the transport phase (i. e. duration of the 
movement, the tangential velocity profile as well as the shape of 
the hand in anticipation of contact with the object) was little 
affected by either the absence or presence of visual feedback of the 
limb.

While visual information about limb position is not critical 
during the the transport phase of the movement it has convincingly 
been shown that visual information about target position during the 
ongoing movement is important. Prablanc, Pelisson and Goodale 
(1986) had subjects point to a target when view of the hand was 
not available. The results showed that the movements were 3 times 
more accurate when the target remained visible during the full 
execution of the movement compared to when it disappeared 
shortly after movement onset. If a target is perturbed after 
movement onset fast corrections of the trajectory will occur 
(Alstermark, Górska, Lundberg, & Petterson, 1990; Paulignan, 
Jeannerod, Mackenzie, Marteniuk, 1991a; Paulignan, Mackenzie, 
Marteniuk, & Jeannerod, 1991b). These corrections of the trajectory 
will occur even if visual feedback of the moving limb is prevented 
(Goodale, Pélisson & Prablanc, 1986; Pélisson, Prablanc, Goodale, & 
Jeannerod, 1986; Prablanc, Pélisson, & Goodale, 1986; Prablanc & 
Martin, 1992). This shows that movements performed without 
visual feedback of limb are not purely programmed but instead are 
corrected during the ongoing movement, and that the corrections 
must depend on comparison of visual information on target position 
with nonvisual information on limb position.

The question of the time needed for visual input signals to 
influence ongoing movements is central for understanding the role 
of visual feedback in motor control. This was studied as early as 
1899 by Woodworth. He found that slow movements were
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performed with more accuracy, compared to fast movements. 
Woodworth stated that the ’bad effect' of speed on movement 
accuracy was due to an inability to control movements visually 
when their duration was shorter than a critical value, which he 
found to be approximately 400 ms. Since then it has been proved 
that the time needed for visual feedback to influence movements is 
considerably shorter. In 1968 Keele and Posner stated that it takes 
about 200 ms for visual feedback to influence an ongoing 
movement. However, there is now considerable evidence that 
corrections based on visual information of target perturbations 
might be as fast as 100 ms (Alstermark et al. 1990; Paulignan et al. 
1991a, 1991b; Prablanc & Martin, 1992). It is thus likely that even 
relatively fast movements can be influenced by visual information.

While visual information about target but not hand was 
shown to be critical during the transport phase of the movement 
visual information about both hand and target is crucial for end 
point accuracy. Buyakas, Vardanyan, & Gippenreiter (1980) placed 
subjects in a completely dark room and asked them to point at a 
point of light. They found that this was an impossible task. The 
subjects began with a fairly precise movement that ended around 
two degrees of visual angle from the target. When unable to see the 
pointing hand, the subjects were lost from there on. Without vision 
of the hand and the target end point accuracy is poor. This effect 
has been explained as owing to the fact that the positions of hand 
and target are most optimally defined when both are defined with 
high resolution foveate vision (Prablanc, Echallier, Komilis, & 
Jeannerod, 1979). Jeannerod (1991) has pointed out that since 
proprioceptive information can only signal limb position in personal 
space, vision must signal information about the relative position of 
limb and target. Another possible explanation has been proposed 
by Helms Tillary, Flanders and Soechting (1991). They argue that 
the inferior capacity to locate spatial position of the hand with 
proprioceptive feedback compared to visual feedback, is not due to 
low sensibility in the proprioceptive system since joint angles are 
reliably reproduced without visual information. It is rather that the 
spatial location of the hand is more optimally synthesized in a 
visual frame of reference.
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Roles of proprioception
How important is proprioception for skilled behavior? This question 
become a controversial issue during the 20th century. The main 
question under debate has been to what degree afferent 
information and central control mechanisms are responsible for 
movement initiation and control. At one extreme it has been 
argueed that proprioceptive information does not influence 
movement skills, and at the other extreme it has been proposed 
that initiation and execution of movements are impossible without 
proprioceptive information.

Much of the early knowledge about the role of proprioception 
for motor control was obtained from experiments with deafferented 
monkeys. Mott and Sherrington (1895) sectioned the dorsal spinal 
roots of monkeys. This deprived them of sensation from the upper 
limbs while the motor nerves were unaffected. Mott and 
Sherrington reported that the monkeys' limbs became useless after 
such operations and that the animals would only use their upper 
limbs if forced to, and then in an awkward way. This led to them to 
conclude that afferent information from the limbs is necessary for 
both movement initiation and control. These findings and their 
interpretations have ever since then been an issue of controversy.

The experiments by Mott and Sherrington were later 
replicated by other investigators (Lassek, 1953; Twitchell, 1954). 
However, several investigators reported opposed results with clear 
improvement in motor function after the initial disability resulting 
from the section of the nerves (Bossom & Ommanya, 1968; Knapp, 
Taub & Berman, 1963; Munk, 1909; Taub & Berman, 1968). The 
care and training of the monkeys after deafferentation has proved 
to be important for recovery of function and when forced to, the 
animals were able to use their deafferented limb (Bossom 1974; 
Knapp et al., 1963; Taub & Berman, 1968).

Another interesting source of information about the role of 
proprioception for movement control are the reports of humans 
with sensory deficits. These patients reveal impaired ability to 
maintain a stable body position without visual information as well 
as impaired coordination of multi-joint movements (Romberg 1846; 
Rotwell, Traub, Day & Obeso, 1982; Sanes, Mauritz, Dalakas, & 
Evarts, 1985). A critical point when discussing the role of
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proprioceptive feedback for movement control is the time needed 
for proprioceptive feedback to influence an ongoing movement. 
Most experiments on this issue report the "proprioceptive reaction 
time" to be around, or slightly below, 100 ms (Chernicoff & Tailor, 
1952; Evarts & Vaughn, 1978). This indicates that fast movements, 
lasting less then 100 ms are not likely to be under control of 
peripheral feedback.

As discussed above, much of the debate on the role of 
proprioception has been concerned with to what degree afferent 
feedback influences an ongoing movement. It has now been 
generally accepted that integration between central and peripheral 
control mechanisms is necessary for skilled movements.

The importance of proprioception not only for feedback 
during the ongoing movement but also for preprogramming of 
movements has been shown by Ghez, Gordon, Ghilardi, Christakos, 
and Cooper (1990). They studied pointing movement in patients 
with sensory loss due to large-fiber neuropathy. When allowed to 
monitor the movement visually, the patients were able to 
substitute the proprioceptive loss to some degree, and performance 
improved compared to movement performed without visual 
feedback of the limb. When the patients were allowed to look at the 
limb before movement onset but not during the ongoing movement 
this also had a positive effect on movement accuracy. This indicates 
that proprioception plays a role by providing to the nervous system 
information about the current state of the body parts before 
movement onset.

Developing sensorimotor control of arm movements during 
childhood

While there is a wealth of knowledge on how sensory information is 
utilized by the central nervous system for movement control in 
adults, what is known about this topic is much more fragmentary 
when it comes to performance during childhood. Recent interest in 
the emerging capacities of neonates and infants has however 
provided important information of their sensory motor cababilities.

5



Emerging sensory-motor control
In a series of studies von Hofsten examined the abilitiy to control 
arm movements in neonates and young infants (von Hofsten, 1979, 
1982, 1984, 1985, 1991). Von Hofsten was able to show that even a 
newborn baby is capable of movements that require some degree 
of sensory motor integration (von Hofsten, 1982). He presented 5- 
day-old infants with a colourful tuft that moved irregularly and 
slowly in front of them. When the infants were fixating the tuft 
they aimed their reaching movements closer to it than when 
looking in another direction or closing their eyes. Thus, a child only 
a few days old already has a rudimentary visual control of its arm 
movements. That neonates also have a capacity to direct their 
hands to a proprioceptively defined target was shown by 
Butterworth (1986). He reported that the mouth was significantly 
more likely to be open throughout the arm movement when the 
hand went directly to the mouth than when the hand first 
contacted other parts of the face. The hand could also be guided to 
the mouth after it had first contacted other parts of the face.

During the first months of life the capacity to adjust 
movements to environmental demands increases. Von Hofsten and 
Lindhagen (1979) found that at the age children start to reach 
successfully for stationary objects, they can also catch fast moving 
ones. To be able to do this the child has to predict the trajectory of 
the moving object and reach for the meeting point. This 
demonstrates a capacity not only to define the target visually, but 
also to predict its trajectory. There is also evidence that the child 
starts very early to use visual information to correct ongoing 
movements. McDonnell (1975) found that, while wearing displacing 
prisms during reaching, 4-month-old infants were able to utilize 
visual feedback for movement control to some degree. Other studies 
have demonstrated the capacity of infants to shape their hands to 
match the properties of the target. Von Hofsten and Fazel-Zandy 
(1984) found that infants at the age of 4 and a half months will 
crudely orient their hand to match a horizontal or vertical rod
before contact. Von Hofsten and Rönnqvist (1988) found that 5-6-
month old children were able to control the closing of the hand
visually and started to close the hand before making contact with
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the object. But both they and the 9-month-old children initiated 
hand closure later during the reaching movement than did the 13- 
month-olds. Infants at the age of 10 months have also been found 
to shape their hand to fit different shapes of objects prior to contact 
(Pieraut-Le Bonniec 1990).

Role of visual information
In series of studies Hay (1978, 1979) investigated pointing
behavior in children when the amount of visual information was 
varied. In the first experiment children of 4 to 11 years of age were 
tested. The arm of the subject was supported in a cradle in the 
horizontal plane, and the task was to point towards a visually 
defined target when visual feedback of the moving arm was 
prevented. Pointing errors were small in the youngest age groups 
and suddenly increased at 7 years of age. When interpreting the 
results, Hay assumed that pointing movements performed without 
visual feedback of hand must be purely preprogrammed, "open- 
loop" controlled. Children under 7 years of age would then control 
their movements in an open-loop mode, while 7-year-olds would 
use closed-loop control strategy. In a second experiment the 
subjects were required to wear glasses with displacing prisms. Hay 
found that the decrease in accuracy at 7 years of age was 
accompanied by an increased reliance on visual guidance in 
reaching. When wearing displacing prisms the hand moved in the 
displaced direction until correction of the trajectory, based on 
visual feedback of hand, was made by the subject. Seven-year-olds 
started to correct their movements earlier than younger and older 
children. On the basis of these findings Hay argued that children 
tend to switch between open-loop and closed-loop control strategies 
during development. However, taking into account the fact that 
movements can be corrected during progress even if visual 
feedback of limb is prevented (Goodale et al., 1986; Pélison et al., 
1986; Prablanc et al., 1986; Prablanc & Martin, 1992), the 
interpretations from these studies must be questioned.

Van der Meulen (1989) investigated the performance of fast 
goal-directed arm movements with and without visual feedback of 
the arm in children 6 and 11 years of age and adults. Movement 
variability increased in adults as well as in children when visual
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feedback of the hand was prevented. A reduction of movement 
variability in the course of the movement was present in all age 
groups irrespective of whether visual feedback was prevented or 
not, and this variability decreased with age. The small children 
tended to be more affected by the withdrawal of vision but this 
difference was not statistically significant.

Bard, Hay and Fleury (1985) examined the contribution of 
vision to accuracy in a pointing task. The task was performed with 
varied amounts of visual information and with varied speed. It was 
concluded that children could utilize visual feedback in movements 
with duration down to 100 ms, which is a shorter duration than 
usually thought possible to be under visual feedback control. The 
older children tested (age 9 and 11) could utilize proprioceptive 
information for movement control while the younger (age 6) could 
not.

The studies discussed above indicate that children utilize 
visual information for movement control differently than adults, by 
either being more dependent on visual information or by 
fluctuating in the degree of visual dependency. Are the 
requirements for visual information for control of arm movements 
fundamentally different in children compared to adults? When 
during the movement is visual information important, and how is 
performance affected when visual information is withdrawn? These 
questions were addressed in this dissertation.

Development of proprioceptive control
How does the proprioceptive ability develop in childhood? To 
answer this question two fundamentally different approaches can 
be adopted. Proprioceptive ability can be investigated as the ability 
to perceive the movements and positions of the body as it has been 
passively displaced. For such an evaluation attempts are made to 
avoid any active motor response. Another approach is to assess the 
ability to utilize proprioceptive information for movement control. 
In the latter case the motor response is of primary interest.

Focusing on the development of proprioceptive acuity, defined 
as the the ability to perceive joint angles, Laszlo and Bairstow 
(Bairstow & Laszlo, 1981; Laszlo & Bairstow, 1980) designed a task 
in which children held a handle in each hand. The handles were
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either passively or actively moved up a runway. The task was 
carried out without visual feedback and the child was to indicate 
which runway went up higher. Children 5 to 12 years of age and 
young adults were tested. The children improved their performance 
until the age of 8 years when adult-like performance was attained. 
The psychometric properties of this test have been questioned by 
Doyle, Elliott and Connally (1986). In a study where an alternative 
procedure for evaluating the performance on the task was adopted 
Elliott, Connally and Doyle (1988) found however the 
developmental trend for proprioceptive acuity to be in agreement 
with that described by Bairstow and Laszlo (1981).

Laszlo and Bairstow (1980) further designed a task to assess 
proprioceptive memory. The subject's hand was guided around a 
complex curved pattern, without any visual information. After this 
the experimenter changed the orientation of the pattern and the 
subject's task was to restore it to its original orientation, now with 
visual information. This task proved to be too complex for the 
children under 7 years of age who performed randomly. Between 
the ages of 7 and 12 years performance improved with age. This 
task not only tests the ability to sense passive movements of the 
body, but it is also a test of the child's memory capacity. Sugden 
(1978, 1980) showed that with increasing age the ability to use 
mnemonic strategies improves, and that this is an important factor 
for improving accuracy when reproducing movements after a time 
delay.

The above studies inform us about how the resolution of the 
system improves with development. However, they do not give 
insight into how proprioceptive information can be utilized for 
movement control. Focusing instead on the motor output 
Smothergill (1973) investigated the ability to point with the unseen 
hand towards a proprioceptively defined target in children, 6-7 
years of age and 9-10 years of age, and adults. In this age range no 
improvement took place, a finding that later was challenged by 
Hearn, Crowe, and Keessen (1989), who in contrast demonstrated an 
improvement with age.
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Integration between visual and proprioceptive space 
A coordinated reaching movement involves processing of both 
visual and proprioceptive information. This means that the visual 
and proprioceptive systems have to be in correspondence with each 
other. Von Hofsten (1982) showed that neonates are capable of 
directing their hands towards a visually defined target. This 
requires an ability to integrate visual and proprioceptive 
information. When initiating an aimed movement towards a 
visually fixated target, the infant must "know" where its arm is. 
Since the neonate is fixating the target, the starting position of the 
hand must be defined proprioceptively, which indicates that visual 
and proprioceptive space are to some degree already connected in 
the newborn infant.

One example of when the senses are not integrated would be 
if we put on a pair of displacing prisms. If in this situation we reach 
for an object we will perceive the object visually at a location 
displaced from its virtual position, and the reach will be directed to 
this erroneous position. However, reaching actively towards the 
object will rapidly re-integrate the visual and proprioceptive 
systems, and within a few minutes adaptation has occurred (Harris, 
1965). It has also been demonstrated in animal experiments that 
experience seems to be necessary for integration between visual
and proprioceptive space. In a series of experiments Held and Hein
(Hein, 1974: Hein & Held, 1967; Held & Hein, 1963) demonstrated 
the importance of self-produced movements for sensory
integration. Yet another example of this was provided by Bauer and 
Held (1975) who demonstrated the necessity for visual feedback of 
the upper limbs for the establishment of coordinated movements in 
kittens. In fact, van der Meer (1993) has proposed that an
important function served by spontaneous arm waving arm 
movement is to visually inspect the arms while moving them and 
thus establish a frame of reference for reaching, grasping and other 
actions. Spontaneous arm waving was measured in newborns, 
around the age of 10 days to 4 weeks. When the arms were pulled 
in the direction of the toes the children would apply compensatory 
forces to keep the hands in position. However, this compensatory



force was not applied by the infant if sight of hands and arms was 
prevented.

I have discussed here how the development of skilled 
behavior is to a great extent dependent on the abilitiy to utilize 
visual and proprioceptive information. This leads to the question of 
how perceptual deficits may affect motor behavior. In the next 
section the co-occurrence of perceptual deficits and motor 
impairments in childhood will be discussed.

Perceptual deficits in children with motor impairments

Developmental coordination disorders
Minor motor handicaps in children have been labelled in a variety 
of ways: clumsiness, minimal brain dysfunction, developmental 
dyspraxia etc. In this dissertation they are labelled as 
developmental coordination disorders. This is in accordance with 
the definition provided by the American Psychiatric Association in 
the Diagnostic and Statistical Manual of Mental Disorders (APA, 
1987) which is described as a marked impairment in the 
development of motor coordination that is not explicitly or due to a 
known physical disorder. However, when referring to studies 
carried out by other authors their respective way of labelling the 
children will be used.

In the debate on perceptual deficits in children with 
developmental coordination disorder it has been quite remarkable 
that several authors have claimed that there is a causal relationship 
between the occurrence of perceptual deficits and the motor 
problems of these children. While some authors have claimed that 
visual deficits are the main factor causing clumsiness others have 
claimed that a poor proprioceptive ability is the major problem in 
these children have.

Hulme and his coworkers have looked for a causal 
relationship between visual perceptive deficits and clumsiness in 
children. They compared the ability to match line lengths within 
and between vision and proprioception in clumsy children and 
normal children. The performance of the clumsy children were 
consistently less accurate in visual, kinaesthetic and cross-modal 
judgements than normal children (Hulme, Biggerstaff, Moran, &



McKinlay, 1982; Hulme, Smart, Moran, & McKinlay, 1984). Although 
they found deficits in both the modalities of vision and 
proprioception, they argued for a causal relationship between 
visual perceptual deficits and clumsiness based on positive 
correlations between performance on visual perceptual tasks and 
motor performance (Hulme et al., 1982; Lord & Hulme, 1987a, Lord 
& Hulme, 1988). A reasonable conclusion from these studies is that, 
while the authors proved that clumsiness is associated with 
perceptual deficits in both the modalities of vision and 
proprioception, the evidence for a causal relationship between 
perceptual deficits and motor impairments is weak.

Laszlo and Bairstow claim instead that poor proprioceptive 
ability is an important cause of clumsiness in childhood (Laszlo et 
al., 1988). Based on their closed-loop theory of motor control they 
constructed the Kinaesthetic Sensitivity Test (Laszlo & Bairstow 
1985a). In a previous section of this dissertation their studies of the 
normal development of proprioceptive acuity and proprioceptive 
memory have been discussed. Laszlo and Bairstow (1985b) tested 
clumsy children on the same tasks and found marked inability to 
perform these tasks in comparison with normal children. These 
findings have been questioned from several standpoints; failure to 
replicate the studies (Lord & Hulme, 1987b; Sugden & Wann, 1987) 
as well as problems in methodology (Doyle et al., 1986). Bairstow 
and Laszlo argue for a causal relationship between proprioceptive 
sensitivity and visuo-motor skills, based on findings that 
proprioceptive and writing ability are significantly correlated 
(Bairstow & Laszlo, 1981) and that training proprioceptive ability 
improves visuo-motor performance (Lazslo et al., 1988).

The occurrence of proprioceptive deficits in clumsy children 
was also investigated by Hoare and Larkin (1991). They tested a 
large sample of clumsy children on a variety of tasks aimed at 
assessing proprioceptive ability. They demonstrated some evidence 
of impaired proprioceptive ability in clumsy children. The clumsy 
children performed significantly worse than normal controls on 
three out of seven proprioceptive tasks. Yet another study showing 
impaired proprioceptive ability in clumsy children was that of 
Smyth and Glencross (1986) which showed reduced speed of



processing proprioceptive information in clumsy compared to 
normal children.

Cerebral palsy
Cerebral palsy is a non-progressive disorder of movements and 
posture due to a deficit or lesion in the immature brain (Bax, 1964). 
The nature and severity of the impairments vary to a high degree 
depending on the extent of the cerebral damage, its location and 
time of occurrence. It has convincingly been shown by a number of 
investigators that the disorder is not purely motor, but that
children often in addition suffer from perceptual deficits. In 1964
Abercromie published a thorough study on perceptual deficits in 
children with cerebral palsy. Results proved the occurrence of 
visual spatial deficits in children with cerebral palsy, with spastic 
children revealing more problems than athetoids.

Howard and Henderson (1989) tested children with cerebral 
palsy in a task in which the children were asked to judge their own 
body size and the size of an object in terms of whether they could 
pass through a door-shaped aperture. The children with cerebral 
palsy consistently performed worse than normal controls, with the
spastic children being most impaired. Not only did the children with 
cerebral palsy find it difficult to perceive the size of their own body 
in relation to the size of an aperture, but they were equally 
impaired in judging the size of an object (a teddy bear). This 
indicates that this problem can't be said to stem from a poor body 
image but rather impaired visual-spatial perception.

The ability of children with cerebral palsy to perceive a 
proprioceptive stimulus was studied by Terdieu, Terdieu, 
Lespargot, Roby and Bret (1984). Vibrating a muscle will stimulate 
the muscle spindles to signal as if the muscle had actually been 
stretched. This gives the subject an illusion of a movement. When, 
for example, vibrating over the triceps muscle on the forearm the 
illusion is that of an elbow flexion. All normal children perceived 
that this vibration induced movement, while one half of the 
children with cerebral palsy did. The ability to detect the vibration 
induced illusion was however not related to the degree of severity 
of the motor impairments.



Another study of proprioceptive sensitivity was carried out 
by Opilia-Lehman, Short and Trombly (1985). They tested the 
ability of children with cerebral palsy to perceive the passive 
displacement of the limb. Children with cerebral palsy performed 
less accurately than normal control children. As in other studies of 
perceptual ability in children with cerebral palsy (i.e. Abercrombie, 
1964; Howard & Henderson, 1989), the spastic children performed 
less accurately than those with atheoid syndromes.

The question of how the visual and proprioceptive space are 
integrated in children with cerebral palsy was addressed by Lee, 
Daniel, Turnball and Cook (1990). In a hand alignment task they 
found cross-modal functioning to be impaired in cerebral-palsied 
children. When aligning the unseen hand to a seen target they 
performed less accurately than when target as well was unseen.

Spina bifida
Lower limb function is often severely impaired in children with 
spina bifida, and it is not always recognised that upper limb 
function is abnormal in most cases and that the handicap can be 
associated with perceptual deficits. Grimm (1976) reported that 
82% of children with spina bifida demonstrated impaired hand 
functioning and 47% impaired tactile perception, with 
hydrocephalus having a considerable effect. Impaired hand 
function and its relation to hydrocephalus was also confirmed by 
Turner (1986).

It has been proved convinsingly that visual perception as well 
as proprioceptive ability is impaired in many children with motor 
impairments. However, there is little knowledge of how these 
impairments interfere with the children's motor ability.



AIMS OF THE PRESENT THESIS

The aim of these studies was to examine the role of sensory 
information for control of goal-directed arm movements. 
Developmental trends as well as dysfunctions in children were 
studied.

The role of visual and proprioceptive information about hand and 
target for end point accuracy was examined in normal children 
(Study I) and in children with motor impairments (Study II).

The normal requirements for visual information for control of the 
transport and object handling phase of a reaching movement was 
examined in normal children (Study III) and in children with 
developmental coordination disorders (Study IV).

A discontinuity in the perceptual control of pointing movements, 
observed in Study I, was further investigated. In addition, the 
question of relationship between proprioceptive ability and visuo- 
motor skills was addressed (Study V).



METHODS AND MATERIALS

This section summarizes some general aspects of the methods used 
in the studies. More detailed descriptions are given in each 
individual study.

Subjects

Table 1 summarizes descriptive data for the subjects participating 
in the studies. All subjects gave their informed consent and the 
children as well as their parents were informed about the purpose 
of the studies. Studies II and IV were approved of by the Ethical 
Committee of the Medical Faculty of Umeå University.

Table 1. Description of the participating subjects.

Study n Ages (yrs) Description

i 300 4-12 Normal children

ii 29 5-13 Children with cerebral-palsy, spina 
bifida and developmental 
coordination disorders

hi 20 7-16 Children with developmental 
coordination disorders and normal 
age matched controls

IV, V 30 6-8 Normal children, tested yearly from 
6 to 8 years of age

The aim of the present thesis was to study the role of visual and
proprioceptive information for goal-directed arm movements in 
children. In order to do so, two apparati were constructed. One 
apparatus was designed to measure end point accuracy in manual 
pointing. The other was designed for analysis of the transport phase 
and object manipulating phase of a reaching, grasping task. Both of



these apparati were constructed in a way that made it possible to 
manipulate the availability of sensory information.

Apparatus to measure accuracy in manual pointing

The apparatus used in studies I, II and V was a specially 
constructed table. A similar apparatus has previously been 
constructed by Sandström and Lundberg (1956). They constructed
a table with one black fixation dot on the table-top. While fixating 
the point the subjects were instructed to place manually a mapping 
pin in the spot under the table-top, which they considered
corresponded to the fixation point. In the present study the task 
was elaborated. Four dots were marked on the tabletop, and the
sensory information on the target was manipulated. Two factors 
were varied orthogonally. One factor was the availability of visual 
information about the dot to be marked, the other was the 
availability of proprioceptive information. The information was
either available or not available. The 4 experimental conditions 
were:
1. Visual condition. The child was to look at the dot and place the 
pin underneath it as precisely as possible.

2. Visual-proprioceptive condition. The child was to look at the dot 
and at the same time have the index finger of the other hand on it. 
The task was then to place the pin as precisely as possible 
underneath it.

3. Proprioceptive condition. The child was to place the index finger 
of the other hand on the dot, close the eyes, and then place the pin 
underneath the dot as precisely as possible.

4. Memory condition. The child was to look at the dot, memorize its 
position, then close the eyes and place the pin underneath the dot 
as precisely as possible.

The pointing errors were analysed in terms of absolute errors, 
random errors and systematical errors. An absolute error was 
defined as the distance between the marked position and the true
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position of the dot. It can be thought of as the overall pointing 
accuracy without reference to the direction of the errors. In 
contrast, systematic errors reflect any systematic shift between the 
true position of the dots and the marked positions. Finally, random 
errors were calculated. This can be thought of as the magnitude of 
the errors when all systematic shift in pointing behavior has been 
subtracted.

The position of the dots was marked by the child with a 
drawing pin underneath the table top. This task, to hold on to the 
pin and place it underneath the table top requires the ability to
supinate and extend the elbow simultaneously. For children with 
cerebral palsy this is often a difficult task and as a consequence of 
this only children with mild symptoms in their arm and hands 
could participate.

The technically uncomplicated nature of the apparatus made it 
possible to bring the apparatus to where the children were, instead 
of bringing the children to a laboratory at the University. This is an 
important feature when a large number of subjects are to be tested.

Apparatus to analyze reaching movements

In 1958 Held and Gottlieb introduced a technique that has proved 
to be of great importance for understanding the role of visual
information in goal-directed arm movements. The main feature of
the apparatus described by Held and Gottlieb was a mirror placed 
between the subject's eyes and hands. The mirror was placed in
such a way that the target projecting in the mirror appeared to 
project in the working plane. The virtual image of the target thus 
appeared to project below the the mirror. The mirror obscured the 
hand as the subject pointed towards the target. By removing the 
mirror full visual information was provided. This allowed 
comparison between movements carried out with and without 
visual information on the pointing hand. Modified versions of this 
apparatus have later been used in a number of experiments (see 
Jeannerod 1988, for a review).

The apparatus used in Studies III and IV shares its main 
features with that originally designed by Held and Gottlieb. It 
consisted of a box resting on a table. The box was divided



horizontally by a mirror into two equal compartments. With a 
mirror mounted between the eyes and the hand the visual 
information on the hand could be removed while the virtual images 
of the targets still remained, as in the Held and Gottlieb apparatus. 
An additionally experimental condition was however introduced. By 
pulling a curtain in front of the subject, sight of target as well as 
arms and hands was prevented.

The task was to pick up beads, one at a time, from one cup 
and carry them to the other cup. Each trial lasted 30 sec. The task 
was carried out under the following experimental conditions:

Full-vision: The child could see the hands as well as the cups and
beads during the trial.

Target-only: A horizontal mirror was mounted in the box, exactly
half-way between the ceiling of the box and its base. During the
trial the child looked into the upper half of the compartment, seeing 
the images of the ceiling cups in the mirror. In other words, the
child saw the positions of the cups but not the arms, hands and
beads.The seen cups appeared to be empty while the child could 
feel the beads in the real cups.

No-vision: The hand to be used was placed at the starting position 
after which a black curtain was mounted in the front of the child, 
preventing sight of both the targets and the arms and hands.

The movements were monitored with an optoelectronic device 
(SELSPOT II). For the analysis, the task performed was divided into 
two separate phases: first a transportation phase in which the hand 
moved between one cup and the other, and second, an object
handling phase in which the beads were grasped and released.
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OVERVIEW OF THE EMPERICAL STUDIES

Study I (von Hofsten & Rösblad, 1988)

The role of visual and proprioceptive information on hand and 
target position for end point accuracy was examined in 270 
children, ranging from 4 to 12 years of age. The task was to place 
drawing pins underneath a table-top at positions marked on the 
table-top. While visual feedback of the pointing hand was always 
prevented, information on the target was varied. Visual and 
proprioceptive information about target was either available or not 
available.

Results showed that accuracy in pointing with the unseen 
hand improved during the age-period tested with the most 
pronounced development taking place during the preschool years.

Performance was better for all age groups when the target 
was visually defined compared to when it was proprioceptively 
defined. This is an intriguing finding, speaking against the 
traditional that intra-modal functioning is more basic than cross- 
modal. Moreover, the disadvantage of pointing when visual
information on target position was provided by proprioception was 
most pronounced in the youngest children. Considerable errors 
were also produced by the youngest children when pointing 
towards the remembered position of a visually-defined target.

It became clear when examining the magnitude of the random 
errors that visual information on target was of particular 
importance for the youngest children. For the two conditions in
which the child had visual information on target the random errors
decreased in a smooth and gradual way during the age-period 
tested. This result should be compared to the performance on the 
two conditions performed without visual information on target, 
where most of the improvements occurred in the youngest age
groups.

While administering the test it was obvious that the youngest 
children, the 4 year olds, were only able to reach the two dots 
placed closest to the child. Therefore the performance of these 
children was compared with the performance of the 5-year-olds, on 
the same dots. For the 4- to 5-year-old children, as for the older
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ones, performance was superior when the target was visually 
defined during the movement. For these age groups there was an 
interaction between age and the availability of propriception. 
Adding proprioceptive information caused the performance to 
deteriorate in the 4 year olds while the opposite was true for the 5 
year olds. Thus the improvement in performance in these age 
ranges can be attributed to an improved proprioceptive control.

Random errors were smaller when pointing towards a 
proprioceptively defined target compared to pointing to a 
remembered location. However, the magnitude of the systematic 
errors was similar for those two conditions. To further analyze the 
impact of having proprioceptive information on target, a group of 
30 6-year-old children were tested on the memory condition and 
the proprioceptive condition with and without a 30 sec. delay 
between the closing of the eyes and the pointing. While the 
performance on the proprioceptive condition remained 
approximately the same after 30 sec., the absolute error on the 
memory condition increased from 32 to 45 mm on average.

The magnitude of the systematic errors varied with age in a 
fluctuating way: it was low at the ages of 7 and 11, and higher in 
between. When analyzing the systematic errors an intriguing 
interaction between hand and sex was found. It should first be 
pointed out that a systematic error can be analyzed in terms of the 
direction of the systematical shift, i e the direction of any over- or 
under-shoot. It was found that, at all ages except 11 and 12 years, 
the girls' performance on the non dominant hand was inferior to 
that of boys. On the proprioceptive condition the girls had a 
tendency to overshoot the target in the frontal plane, when pointing 
with the left hand.

Study II (Rösblad & Hofsten, 1992)

In the study discussed above, information on the role of visual and 
proprioceptive information for precise pointing during normal 
development was obtained. This knowledge provides a frame of 
reference for evaluating performance of children with motor 
impairments, the subject of Study II. Children with three different 
medical diagnoses were chosen to participate in the study:
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cerebral-palsy, developmental coordination disorders and spina 
bifida. These particular groups were chosen since it is known that 
children with these diagnoses are likely to have perceptual deficits 
in addition to their motor impairments.

Since no statistically significant difference in performance was 
found between the three groups of children, they were combined to 
form a single motor-impaired group for further analysis. One main 
finding of von Hofsten and Rösblad (1988) was the superior 
accuracy when pointing at visually defined targets. This was 
confirmed in the present study with the effect of visual advantage 
being even more pronounced for the children with motor 
impairments. Not having visual information on target position had a 
more pronounced effect on the children with motor impairments, in 
terms of both magnitude of pointing errors and degree of 
variability in performance.

It must be pointed out that the motor-impaired group is fairly 
heterogeneous and merely analyzing group performance is not 
satisfactory. The performance of the two groups of children showed 
some overlapping. Some motor-impaired children performed the 
task well and had results comparable with their age matched 
controls. There were however children from each of the three 
diagnostic groups who exhibited pointing errors of a magnitude that 
was never seen in the normally developed children. Thus their 
behavior cannot just explained solely in terms of immaturity but 
the pointing errors produced must be due to a specific problem of 
controlling movements in space. The motor-impaired children 
revealed dysfunctions of various kinds: some children seemed to 
require a visual frame of reference for pointing in accordance with 
the results from the group analysis; others had large errors in all 
conditions, indicating a poor ability to utilize proprioceptive 
information for movement control. A few children were more 
impaired in the visual condition, suggesting that the integration 
between visual and proprioceptive space might be affected in these 
children.
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Study III (Rösblad, 1994)

What are the normal requirements for visual information for 
control of reaching in children? How is performance affected when 
children do not have access to the preferable mode of perceptual 
information? These questions were studied in a group of normally 
developed children who were tested on three occasions: at 6, 7, and 
8 years of age.

The task was to pick beads, one at a time, from one cup and 
carry them to another cup. With the aid of a mirror arrangement 
and a curtain the amount of visual information on target as well as 
performing hand was manipulated. The movements were 
monitored with an optoelectronic device (SELSPOT II). For the 
analysis, the task performed was divided into two separate phases: 
first a transportation phase in which the hand moved between one 
cup and the other; second, an object handling phase in which the 
beads were grasped and released.

The results showed that for controlling the precision part of 
the movement, i.e. grasping and releasing the beads, visual 
feedback of the hand as well as visual information on the cups and 
bead positions was critical. Performance was best when subjects 
had access to full visual information, and deteriorated as the visual 
information was withdrawn.

The role of visual information for controlling the transport 
phase of the movement was different than that for controlling the 
object-handling phase. For the transport phase it was visual 
information on target position but not the hands that was crucial. 
Performance, measured as movement time and trajectory length, 
was similar when the child had access to both visual information on 
target and moving hand, and with access to only visual information 
on target position. If the child however had to direct their hand 
towards a remembered visual representation of the target, 
performance deteriorated markedly.

On examining the improvement with age in the conditions 
where the child had access to adequate visual information, one can 
see that improvement is only modest for the age group period 
investigated. The results were strikingly different for the conditions 
where the children did not receive adequate visual information. An
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examination of the results on the precision part of the task clearly 
reveals that the ability to replace visual information on the spatial 
location of the hand with proprioceptive was poor at the age of 6 
years but developed substantially between 6 and 8 years of age.

When analyzing the developmental changes in performance 
for the transport phase of the movement one can see a similar
pattern to that of the precision phase. Development was gradual 
and modest when the child had access to adequate visual
information. When instead directing the hand to a stored visual 
representation of the target, performance deteriorated and was still 
immature at 8 years, in comparison with older subjects.

The peak velocity of the transport phase of the movement
was not affected by the amount of visual information. The subject
performed the task with similar peak velocities for all three 
experimental conditions. Peak velocity remained apparently the 
same between 6 and 7 years of age while it increased markedly 
between 7 and 8 years of age. This increase in peak velocities 
seems to have negatively affected movement precision when the 
children did not have adequate visual information, but this was not 
the case when they had adequate information.

Study IV (Rösblad and von Hofsten, 1994)

In Rösblad and von Hofsten (1992) it was found that motor- 
impaired children were relatively dependent on visual information 
for obtaining spatial accuracy in pointing. In the present study the 
effect of withdrawing visual information was analyzed in a 
reaching-grasping task. In the present study the performance of a 
group of children with developmental coordination disorders (DCD) 
was compared with that of age matched controls. Mean age in the 
group of children with DCD was 11 years and 7 months.

A main finding was that the DCD children consistently carried 
out the movements with lower speed compared to their age- 
matched controls. This holds true both for the transport phase of 
the movement and for the object-handling phase. Peak velocities 
were lower and movement times longer during the transport phase 
of the movement for the DCD children. For the handling part of the



reaches the DCD children were less efficient, both in the grasping 
and the releasing of beads.

The peak velocity was lower during the transport phase in the 
children with DCD compared to their age-matched controls. 
However, the amount of visual information had no significant effect 
on peak velocity. Peak velocity was similar during all experimental 
conditions.

In general, the results did not support the idea that children 
with DCD are relatively more dependent on vision for movement 
control than normal children. Those with DCD responded to the 
withdrawal of visual information in a similar way to that of the 
normally developed children.

The task was repetitive, with each trial consisting of a number 
of movements of the hand from one cup to the other. This made it 
possible to analyze the degree of temporal and spatial variability 
with which the movements were carried out within each subject. 
The results showed that the DCD group of children revealed greater 
spatial as well as temporal variability compared to the controls.

Despite the fact that the DCD children, as a group, did not 
show proportionally greater dependency on vision than normal 
children, one child clearly exhibited a very poor capacity for 
movement control in the absence of visual information on target. 
An examination of the way the movements were carried out 
indicated a feedback strategy for movement control.

Study V (Rösblad, 1994)

Several investigators have found evidence of major modifications in 
the strategy of perceptuo-motor coordination occurring around 7 
years of age (Hay, 1978, 1979; Monoud, 1986; van Dellen, 1987). In 
Study I, a discontinuity in the ability to point without visual 
feedback of hand was observed. At 7 years of age a peak in 
performance was observed, followed by a regression in 
performance. In the present study, children from 6 to 8 years of 
age participated. Can the findings of discontinuities be confirmed in 
a longitudinal study where the influence of inter-individual 
variance has been removed? To what degree do individuals follow 
the same path of development and to what degree do they retain
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their relative rank in performance? To answer these questions the 
children were tested on the pointing task used in Study I and Study 
II.

Another set of questions asked concerned the relationship 
between the development of proprioceptive control and movement 
skill. In addition to the pointing task, the children were therefore 
tested on tasks assessing visuo-motor performance, chosen from 
the TOMI test (Stott, Moyes & Henderson, 1984).

The result from the present study showed that a discontinuity 
in the development of perceptual control of arm movements takes 
place around 7 years of age. This discontinuity could be explained 
by the influence of visual information on movement control. The 
performance on the two conditions in which the target was visually 
defined revealed a peak at the age of 7 years, followed by a 
regression. In contrast, performance on the conditions with no 
visual information improved during the same age period.

The regression in performance on visual control of 
movements at 8 years of age can be viewed as an age-linked
change, shared by most individuals. However, the results revealed 
that individual trends of development as well as children's relative 
rank vary considerably.

The results showed that there is no simple relationship 
between the development of proprioceptive control and visuo- 
motor skill. The abilities to control movements visually and 
proprioceptively develop in parallel rather than one being a 
prerequisite for the other.

DISCUSSION AND CONCLUSIONS

In the present studies the role of sensory information for goal
directed arm movements was studied in children, with and without
motor impairments. Reaching movements and pointing movements 
were studied in situations where the amount and mode of sensory 
information about the target and the moving limb were 
manipulated. The reaching task was a repetitive task in which the 
children picked beads from one cup and carried them to another.
For simplicity, the reaching task will here be referred to as the 
bead picking task. I will first discuss the results of how sensory
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information was utilized in normally developed children in 
comparison with results from other studies carried out on adults. 
After that I will turn to developmental trends seen in the studies 
and finally focus on the specific problems observed in children with 
motor impairments.

Pointing

In the pointing task the pointing hand was always out of view. 
Pointing towards a visually defined target with an unseen hand is a 
cross-modal task. Children in all age groups tested, performed best 
when the target was visually defined. Moreover, this effect was 
especially marked in the youngest age groups tested This is, for 
several reasons, an intriguing finding. First, historically, intramodal- 
functioning has been considered more basic and earlier acquired 
than cross-modal functioning.

Second, when we reach for an object in extrapersonal space 
the position of the target and the hand must be defined in a 
common frame of reference. The question of how this is solved by 
the CNS has been addressed by Soechting and his collaborators in a 
serie of studies (Flanders & Soechting, 1990; Helms Tillary et al., 
1991; Soechting & Flanders, 1989a, 1989b; Soechting, Tillary & 
Flanders, 1990). They argue that the visually defined target is 
being transformed into a body-centred frame of reference, and that 
this transformation produces systematic errors in the programming 
of the movements. According to their framework, reaching towards 
a visually defined target with an unseen hand should produce 
larger errors than pointing with an unseen hand towards a 
proprioceptively defined target. This is in fact in contradiction with 
the present findings.

Why did the children make large errors when pointing with a 
unseen hand towards a proprioceptively defined target, i.e. an 
intramodal task? Pointing with the unseen limb always produces 
errors and according to McCloskey (1978), pointing without visual 
information is less accurate when defining the target with one hand 
and pointing with the other, than if pointing to a point on the body. 
One explanation for this could be the one proposed by Jeannerod 
(1991). When locating the target with one hand and pointing with
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the other the proprioceptive space of each hand has to be in 
correspondence with the other. Calibration of the proprioceptive 
space of the two arms is a continuous process requiring visual
information about the hands. That the proprioceptive system has a 
tendency to drift and needs to be calibrated with vision has been 
shown by Paillard and Brouchon (1968) and Wann and Ibrahim 
(1992).

The ordinary state of affairs when pointing and reaching is
that the target is visually defined. Vision seems to be a more 
reliable source of information than proprioceptopn for defining the 
position in space of the target as well as the hand.

Pointing was performed with more accuracy in the visual 
condition than the memory condition. In the visual condition the
children had access to visual information during the entire 
movement, while in the memory condition the children had only 
access to visual information prior to movement onset. That adults 
also produce large pointing errors when pointing with an unseen
hand towards a remembered target location has been shown by 
Soechting and Flanders (1989a, 1989b).

Pointing movements without visual feedback on the limb 
have often been labelled open-loop and viewed as ballistic. The 
present results indicate, however, that pointing movements made 
without visual feedback on the limb but with visual information 
about the target during the movement are not purely 
preprogrammed in children. Accuracy improves if vision of the 
target is available during the movement. That corrections of 
ongoing movements will take place even if the moving limb is 
unseen has previously been demonstrated in studies on adults 
(Carlahan, Goodale, & Martineuk, 1993; Prablanc et al., 1979; 
Prablanc et al., 1986; Prablanc, & Martin, 1992; Rendon, Hay, & 
Velay, 1992). These modifications during the ongoing movement 
must depend upon comparing visual information on the target with 
non-visual information on limb position (Prablanc et al., 1986). The 
origin of this non-visual information could be proprioceptive and 
/or originate from efference copy. Evidence that the non-visual 
information is of proprioceptive origin was provided by Rendon et 
al. (1991). They distorted proprioceptive information by applying 
vibration to the tendon of the biceps muscle when subjects were
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reaching with an unseen limb towards a seen target. The results 
showed that vibration affected the spatial outcome of the 
movement, in the direction of the proprioceptive distortion 
introduced.

Handling and transporting objects

In the bead picking task task (study III and IV) the reaching 
movements were analysed in terms of transport and object
handling phases. The object-handling phase (i.e. grasping and 
releasing beads) was carried out most efficiently when the cups as 
well as the hands were seen. If visual information on the cups but 
not the hands was provided, more time was required for grasping 
and for releasing beads. Grasping as well as releasing beads require 
movement accuracy. This is in agreement with what is known about 
adult performance. As discussed above, visual information on the 
relative position of hand and target has in studies carried out on 
adults proved to be necessary for end point accuracy (Buyakas et 
al., 1980; Prablanc et al., 1979).

During the transport phase of the movement, visual 
information about the limb was, however, not critical. Monitoring 
the targets in the mirror was sufficient and adding visual 
information on the moving hand did not improve performance for 
any of the age groups tested. This is in accordance with the earlier 
discussion point that non-visual information on the limb can be 
used in conjunction with visual information on target position, to 
correct the movement trajectory during execution. Jeannerod 
(1981, 1984) has shown that the requirements for visual
information for control of reaching movements are similar in adults. 
He studied reaching movements in adults with and without visual 
feedback on the limb and found that visual feedback on limb did 
not influence the transport phase of the movement.

The results from these studies have highlighted similarities 
rather than differences in how adults and children utilize sensory 
information for movement control. However, when the available 
sensory information was insufficient, striking differences became 
obvious.

29



Developmental trends

Performance in the pointing task as well as the bead-picking task 
improved significantly with age. This is, of course, not surprising 
since motor skills are known to improve during childhood. It is 
however interesting to compare the proportional rate of 
improvement with age on the various experimental conditions 
tested. This could shed light on the question of whether vision plays 
a privileged role in children’s motor control (Lee & Aronsson, 1974; 
Shumway Cook & Woollacott, 1985).

In the pointing task the children had to perform the task with 
limited visual information since the pointing hand was always out 
of sight. Results showed that performance on all experimental 
conditions improved with age and that the most pronounced 
development took place during the preschool years. Visual 
specification proved to be the optimal mode of target specification 
for all age groups tested. The deteriorating effect of not having 
visual specification of target location was especially strong in the 
youngest age groups tested. They produced large errors when 
defining the target proprioceptively as well as when receiving 
visual information only prior to movement onset.

In the bead-picking task, a condition was included that did 
not restrict vision in any way. For the object handling phase of the 
movement, optimal performance required such unrestricted vision. 
In that condition, performance increased modestly with age. Results 
were strikingly different when the visual information was limited, 
and the deteriorating effect of limiting visual information was 
significantly more pronounced in the youngest age groups.

During the transport phase of the movements, visual 
information on target position was sufficient, and adding visual 
information on hand position did not improve performance. When 
the the children received sufficient visual information 
improvement with age was modest. However, when performing the 
transport phase of the movement without visual information, that 
is guiding reaching by stored visual representations, the 
performance deteriorated markedly in all age groups. In fact, the 
children were no better at the age of 8 than at the age of 6. 
However, the results from the young adults tested indicated that
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the capacity to guide reaching by stored visual representations 
improves considerably after the age of 8 years.

In summary, children in the age range tested utilize sensory 
information for control of arm movements according to the same 
principles as adults, although still with less accuracy and speed. The 
difference between adults and children becomes apparent when the 
available information is limited. In such situations, children's 
performance is much more impaired than adults. In adults the 
perceptual systems are redundant. While certain kinds of 
information are preferred to others in controlling various motor 
behaviors, CNS can utilize other sources of information and internal 
representations when necessary. This gives flexibility to our 
actions. We can for example control the various switches of the car 
without taking our gaze from the road, or we can carry a tray in a 
restaurant and use vision for planning our locomotion instead of 
monitoring the position of the hands. The results from the present 
studies indicate that children are markedly limited in their ability 
to utilize alternative perceptual strategies for movement control 
and thus becoming less flexible and more dependent on visual 
information.

Evidence that young children have problems in situations 
where sensory information is limited or conflicting can also be 
found in studies of balance control in children. When children who 
have just learned to stand without support receive erroneous visual 
information about their stance, they will fall (Lee & Aronsson, 
1974). Forssberg and Nashner (1982) tested the ability in children 
from 1.5 years to 10 years to adapt to altered support surface and 
visual conditions. Results showed that the structure of automatic 
postural adjustments in young children was, apart from greater 
variability, similar to that of adults. However, young children were 
greatly affected when the sensory information was conflicting. Yet 
another example of a poor capacity in young children to handle 
sensory conflicts was provided by Gordon, Forssberg, Johansson, 
Eliasson, and Westling (1993). They demonstrated that children 
from 3 years of age could utilize information on object size during 
force programming when lifting an object. However, when the size 
of the object was uncorrelated with the weight it led to greater



reliance on visual information for children of 3-4 and 6-7 years old 
than for adults.

Specific problems in children with motor impairments

Study II presents results from children with the diagnoses 
developmental coordination, spina bifida and cerebral palsy 
performing the pointing task. This task required the ability to 
supinate and extend the underarm simultaneously. This was never 
a problem for the children with spina bifida or developmental 
coordination disorder. However, for children with cerebral palsy 
this is often a difficult task and in accordance with that, only 
children with mild symptoms from the upper limb could 
participate. All the children who participated could without 
difficulty point to a visually defined target when visual feedback of 
limb was available.

The children with motor impairments performed the task 
with more accuracy when the target was visually defined than 
when it was defined by prorioception or memory just as did the 
normally developed children in Study I. Furthermore, this visual 
advantage was more pronounced in the group of children with 
motor impairments than in the normally developed children. A 
reasonable explanation for this could be that the performance of 
children with motor impairment resembles the performance of the 
youngest age groups of normally developed children tested. The 
performance of preschool children tested in study I also 
deteriorated markedly when target was not visually defined. There 
were however children from each of the three diagnose groups who 
exhibited pointing errors of a magnitude that was never seen in the 
normally developed children. Thus their behavior cannot simply be 
explained in terms of immaturity but the pointing errors produced 
must be due to a specific problem of controlling movements in 
space. The problems exhibited by the children were of different 
kinds. Some produced large errors in all experimental conditions. 
This indicates problems of utilizing proprioceptive information for 
movement control. Some revealed problems only when the target 
was not visually defined, indicating a relatively strong dependence 
on visual information for movement control. That motor



impairments reflect different forms of dysfunction was also found 
by Lee et al., (1990). They examined children with cerebral palsy in 
a similar pointing task and found different kinds of dysfunction, for 
example children with a non-correspondence between visual and 
proprioceptive space.

In Study III children with developmental coordination 
disorders were examined on the bead picking task. The results 
showed that the movements of children with developmental 
coordination disorders are both slower and more variable than 
their age matched controls, which is well in agreement with results 
from other studies (Forsström & Hofsten, 1982; Henderson, Rose, & 
Henderson, 1992; van der Meulen, Denier, van der Gon, Gielen, 
Goosken, & Willemse, 1991a; 1991b). In general, the results did not 
support the idea of Laszlo and Bairstow (1985b) that clumsy 
children are generally more dependent on visual information than 
normally developed children. The withdrawal of visual information 
affected both groups of children similarly. Comparable results were 
obtained by Meulen et al. (1991a, 1991b) who examined fast goal 
directed movements and tracking movements in clumsy children. 
However, not all children responded in the same way. One boy with 
developmental coordination disorders revealed a remarkable 
decrease in performance when the task was carried out without 
visual information.

We still have fragmentary knowledge of dysfunctions in 
childhood connected with the relation between the acting body and 
the environment. The studies carried out so far on perceptual 
dysfunctions related to movement difficulties in children have been 
of 'group study' nature. They have provided valuable information 
on what kind of perceptual deficits are likely to occur in children 
with motor impairments and the degree of variability within the 
diagnose groups. It seems to me that what is needed in order to 
deepen our understanding of the problems exhibited by these 
children are case studies. They should preferably include both 
detailed examination of sensorimotor behavior and information on 
size and locations of any brain lesions. Such case studies have been 
carried out on adult subjects with cortical lesions, and in particular 
subjects with posterial parietal lesions have been found to produce 
errors in reaching and pointing movements in extrapersonal space



(see Jeannerod, 1988 for a review). The knowledge obtained in the 
present dissertation can hopefully serve as a good basis for such 
studies in children.
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