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Abstract

Young infants show clear preferences in preferential looking which are dependent on 

the eccentricity, contrast, size and shape of objects. Functional onset and increasing 

sensitivity of specifically tuned neurones within visual cortical streams are postulated as 

the neurological underpinnings for these preferences.

The first part of this thesis is a report of experiments comparing preferential looking 

(PL) and preferential reaching (PR) in 5 to 15-month-old normal infants for pairs of 

small objects (red, high contrast 6-cm-long cylinders, diameter 1 - 6  cm), using the 

ELITE motion capture system to record the detailed kinematics of reaching. All PR 

studies found a strong bias toward reaching on the ipsilateral side to the reaching hand. 

This bias lessens with age and is significantly reduced when the object on the 

contralateral side is of graspable size. In PL, where the objects were 2-D renderings of 

the cylinders displayed on either side of the fixation point on a monitor, there was a 

strong effect of retinal eccentricity, with more first looks to objects with inner edges 

nearer the central fixation point. When retinal eccentricity was controlled for different 

sized objects, there were size-related effects, with more first looks to smaller, graspable 

objects. The preferences of looking and reaching are discussed in relation to current 

neurobiological models of visual processing in the dorsal and ventral streams.

In the second part of this thesis, kinematic analysis techniques are used in a study of 

impairment of visuospatial processing in Williams Syndrome (WS), a genetically-based 

condition resulting in a number of cognitive and behavioural problems. Posting and 

visual matching tasks are used to investigate differential impairment of the dorsal and 

ventral cortical visual streams. Two subjects out of 11 were found to perform well at 

matching but very poorly at posting, and were postulated to be impaired in dorsal 

processing compared to ventral processing. Others exhibited general impairment at 

both tasks, with often more marked impairment on the posting task than the matching 

task. The variability of the results lead to the proposal that WS may not be a unitary 

homogeneous group, but rather a number of associated impairments resulting from a 

shared but variable genetic mutation.
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1 Chapter One: Introduction

1.1 General Introduction

In recent years there has been considerable interest in the role of vision in controlling 

and co-ordinating movement. Clearly, visually-derived information about the relative 

positions of objects in near space, about surface properties of those objects, estimations 

of their mass and centre-of-gravity, and other higher-order information must be the 

basis upon which most motor activity is planned and executed in the everyday world. 

This applies to locomotion, reaching and grasping, and many other forms of interaction 

with the immediate environment, and there is now a great deal of evidence that there are 

areas of the human cerebral cortex which perform the function of transforming the 

visual input into the kind of information which is necessary for motor control.

In as much as we can tell, the human neonate is bom with very little conscious control 

movement, an immature brain and a peripheral nervous system which is not yet fully 

myelinated. One year or so later, the same infant is able to walk and to reach out and 

grasp for objects, all under control of the visual input. This thesis is concerned with this 

emerging development of visuomotor control, specifically in terms of reaching and 

grasping behaviour in humans. The first part is a series of studies of reaching behaviour 

in young normal infants aged between 6 and 15 months, using a number of techniques 

including kinematic analysis of their movements. Part two uses similar techniques to 

investigate the deficient visuomotor co-ordination of a specific clinical group, children

15



with Williams Syndrome (WS). This second part begins with a separate introduction to 

the literature on WS in Chapter 8.

This introductory chapter comprises a general review of the areas of research which 

inform the experimental work. The first section is a brief review of the underlying 

anatomical and functional development upon which both vision and motor control rely. 

Next, the mature form of reaching and grasping is discussed, followed by an 

examination of findings on neonatal abilities and development in the first year of life. 

Finally, current cognitive and neurobiological models are reviewed with reference to 

findings from electrophysiology, neuropsychology and behavioural work.

1.2 The functional development of human vision

Human infants are able to see at birth -  they will imitate mouth opening in the first 

hours after birth (Salapatek and Cohen, 1987). However, neonatal acuity is one-tenth 

that of adults, and they do not perceive depth using binocular disparity (for review see 

Daw, 1995). The precise control of movement requires the visual system to provide 

equally precise information about the nature and position of objects, so it is relevant 

here to briefly describe the time course of the development of low-level visual function. 

A complete review is beyond the scope of this document, but relevant aspects are 

discussed.
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1.2.1 Acuity and contrast sensitivity

Using both forced-choice preferential looking (FPL) and visual-evoked potentials 

(VEP), a rapid improvement in acuity is found in the first 6 months of life. In a review 

of several studies, Dobson & Teller (1985) found an improvement from around 1 

cycle/degree at birth to about 25 cycles/degree at 6 months, with some improvement 

after this. Neonatal acuity is limited partly by the size, shape and distribution and 

photoreceptors and the optics of the eye (Banks and Bennet, 1988) However, these 

limitations do not completely explain the poor acuity of new-boms. Jacobs and 

Blakemore (1988) found responses of lateral geniculate nucleus cells and cortical cells, 

and behavioural measures in the monkey to be well below the theoretical limit (the 

Nyquist limit) for the first 100 days of life. These results strongly suggest that neural 

development beyond the retina is also limiting acuity.

The acuity of a particular spatial frequency is modulated by contrast, and contrast 

sensitivity also improves rapidly in the first year of life to near adult levels (Atkinson 

and Braddick, 1989), and by the age of the infants in these experiments, follows the 

same form as that of adults.

1.2.2 Colour sensitivity

Segmentation of the visual scene relies heavily on colour discrimination, the ability to 

discriminate light on the basis of its wavelength composition. Peebles and Teller (1975) 

used forced-choice preferential looking to show that 2-month-old infants can 

discriminate red from white; using sub-threshold luminance increments, they
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demonstrated that the discrimination was based on wavelength composition rather than 

luminance differences. Using the same technique with other colours, Teller and 

colleagues found that at this age infants can discriminate oranges, greens, and blues 

from white, but fail on yellow-greens and mid-purples. The spectral sensitivity function 

of infants between 5 and 10 weeks is similar to that of adults (Dobson, 1976) suggesting 

that the cones are active by this age. Brown and Teller (1989) found psychophysical 

evidence for red-green colour opponent channels in 3-month olds, and Bomstein (1976) 

shows that at the same age infants are trichromie, and that all three classes of cones are 

operating. Thus all the subjects taking part in the present experiments would be 

expected to be able to discriminate visual targets using colour perception.

1.2.3 Depth perception

Many of the important cues used for depth perception are monocular. They include 

perspective, relative size, occlusion, motion parallax and accommodation. Yon as and 

colleagues (1978) investigated the use of pictorial cues by six-month-old infants, using 

the Ames window illusion. This consists of a trapezoidal window rotated around it’s 

vertical axis; viewing monocularly, adults perceive a slanted window with one side (the 

larger) nearer than the other. Yonas et al found that infants viewing monocularly are 

twice as likely to reach for the larger side, suggesting that it is perceived as closer by the 

infants too.

Binocular depth perception allows more precise measures of relative depth, and relies 

on cortical neurones with binocular input. Held (1993) points out that the onset of 

stereopsis correlates with the segregation of Layer IV cells in the visual cortex into
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ocular dominance columns. Behavioural and electrophysiological studies agree that 

functional binocular interaction begins between 10 and 16 weeks of age (Braddick and 

Atkinson, 1983).

However, while discrimination is a good indicator of cortical detection of depth, 

behavioural measures which actually rely on the perception of depth give a more 

reliable indication that the infants is actually using that information. Yonas and 

Granrud (1985) investigated the responses of infants to a number of depth cues using 

behavioural responses. They found that looming stimuli elicited a blink reflex in 1- to 3- 

month-olds, binocular cues elicited reaching in 3- to 5-month-olds, and pictorial cues 

were used in 5- to 7-month olds. Also, Atkinson et al (1994) show in a study of 

monocular versus binocular reaching, that stereo vision is used effectively for depth 

perception in reaching by 7- to 9-month-olds.

1.3 Developm ent of reaching behaviour in infants

1.3.1 Neonatal motor control

1.3.1.1 Bower’s early studies

Traditionally, it was believed that neonates have no ability to visually control their arm 

movements (e.g. Piaget, 1953, 1954; Gesell & Amatruda, 1964). Piaget’s view was that 

informative contact with the environment is necessary for the development of spatial co

ordination. Neonatal motor activity was believed to be simply uncontrolled thrashing of
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the limbs, with little organised development in the first two months. (White, Castle & 

Held, 1964). Early studies by Bower challenged this view (Bower, 1972; Bower, 

Broughton & Moore, 1970). Bower studied several aspects of neonate visual perception 

using object-appropriate motor behaviour, as an alternative to looking, as an index of 

perceptual ability. One of these experiments involved measuring the scaling of grasp to 

the size of objects, and Bower's results suggested that the subjects could indeed match 

the maximum opening of their hands to the size of presented object stimuli. Another 

experiment looked at discrimination between solid objects and two-dimensional 

representations (photographs), and found more arm movements towards the solids. 

Obviously, the ability to discriminate solid objects in the tridimensional world is a 

necessary prerequisite for reaching out and grasping objects in motor space. However, 

methodological problems and the failure of later studies to replicate the findings threw 

these results into doubt. Methodologically, the critical results in the reaching 

experiment involved treating the separation of the fingers of one hand in a unimanual 

reach and the separation of the two hands in a bimanual reach as measurements on the 

same interval scale, which they clearly are not. The data for these studies was taken 

from recordings from a single video camera, which gives a potentially deceiving two- 

dimensional projection of the relative positions of hand and objects in tridimensional 

space The papers give sparse methodological detail, and several more completely- 

described later studies did not find the same results.

1.3.1.2 Critiques of Bower

DiFranco, Muir and Dodwell (1978) found that pre-reaching infants will reach equally 

for solid objects and their two-dimensional representations, contrary to Bower’s
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findings. Ruff and Halton (1978) found that while young infants (aged between 7 and 

15 days) would fixate objects for a long period of time, the number of forward 

extensions of the arm did not increase during fixation This study, unlike Bower’s, used 

a control condition with no object, and showed that there was no difference in the 

amount of forward extension. Also, the ‘hit rate’ when the object was present was 

much lower than in Bower’s results. However, in partial support of the original Bower 

studies, Bruner and Klossowski (1972) found that older infants (10 to 22 weeks) rather 

than newborns show coarsely adapted hand movements when presented with objects of 

a graspable size, while they showed no such movements in response to objects too large 

for the hand.

Rader and Stem (1982) also attempted to replicate Bower’s findings on solid object 

discrimination. They tested 31 infants aged 8-16 days with a ball, a picture of the ball, 

and a plain homogeneous stimulus card. Their results were coded as mean rates of 

reaching per minute, and were as follows: ball: 2.94, photograph: 2.78, blank card: 1.83 

min"l. Statistical analysis showed significant differences between ball and blank card, 

picture and blank card, but NOT between ball and picture. This directly contradicts 

Bower’s (1972) results. It seems that visual stimuli can elicit arm movements, but as an 

experimental measure this does not show that the visual system of the neonate is able to 

distinguish solidity from a representation thereof. This is to be expected given findings 

on the development of depth perception discussed earlier.

21



1.3.1.3 The nature of neonatal arm movements

Trevarthen (1974) believed that neonatal arm and hand movements were essentially 

non-functional, but rather pre-functional, i.e. an early manifestation of a latent 

functional pattern, which he calls pre-reaching. Claes von Hofsten (1982) suggests that 

this may come under visual control. Trevarthen (1990) proposes that pre-reaching can 

be observed within a few minutes of birth. The movements he describes include 

fixation with both eyes, rotation of the head to enable this, and small cyclical extension- 

flexion of the arm and hand; the cycles, at a frequency of 3 per second, have the same 

periodicity as spontaneous neonatal saccades of the eyes (Trevarthen 1974), with which 

he believes they may be synchronised. This is also the frequency of the physiological 

tremor of the elbow joint during active tension of the biceps muscle in normal adults 

(Fox and Randal, 1970), and Trevarthen proposes an underlying neural pacemaker in 

the brainstem which regulates these actions.

Hofsten’s (1982) study utilised two video cameras to provide true three dimensional 

reconstruction of movements. Additionally, a restraining chair was used to standardise 

subject posture and head position, and the presentation of stimuli was spatially 

standardized. Hofsten looked at the number and distribution of hand movements of 14 

neonates (aged 5 days) in the presence and absence of a slowly moving object. He 

found that when fixating the object, more of the movements were forward extending; 

however, if fixation was ignored there was no effect of object presence or absence on 

the frequency of forward extension. In a second experiment, three dimensional analysis 

of arm-hand movements showed that during object fixation, movements were aimed 

closer at the object than other movements. Hofsten also found that for the best aimed

22



movements during object fixation, the hand slowed as it approached the object. These 

results do suggest visual control of arm movement, but the movements are far less 

sophisticated than those suggested in Bower's (1971) paper. Hofsten proposes that 

manipulation of objects is not the only developing function of neonate eye-hand co

ordination. He stresses the information gathering aspect of arm-hand movement; when 

a neonate looks at an object and reaches for it, both these behaviours are part of the 

same orienting response to the object, providing favourable conditions for further 

development of visuomotor control. Interestingly, it appears that this orienting can be 

driven by either vision or touch; Hofsten reports that in several cases the subjects 

accidentally touched the objects and then immediately visually fixated. This is 

supported by DiFranco, Dodwell and Muir (1980)

1.3.1.4 The emergence of reaching

The Piagetian view of the development of motor control is that innate reflexes bring the 

infant into contact with the environment, leading to progressive modification of those 

responses through assimilation and accommodation. (Piaget, 1952). There is an 

alternative hypothesis that for conscious control, cortical structures must first inhibit 

neonatal reflexes, and only later impose excitatory control of the motor neurones. Thus 

there should be a decrease or even disappearance of pre-reaching activity, followed by a 

more mature reappearance (Humphrey 1969). However, such a decrease in activity 

could have other, behavioural explanations. Bower (1974) believed that pre-reaching 

would simply be extinguished because it is unsuccessful, and is thus unreinforced. 

Alternatively, social development at around two months may shift the focus of activity 

of the infant away from objects and their manipulation (Hofsten, 1982). Monoud and
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colleagues proposed that rather than a simple diminishing of pre-reaching, there may be 

a qualitative change in the kind of activity which makes up prereaching (Mounoud 

1976; Mounoud and Vintner 1981). They propose that prestructured patterns of 

movement are dissociated into separate activities during the second and third months of 

life. In prereaching movements this would involve the coordinated, synergistically 

coupled movements of the arm and hand (Trevarthen, 1974; Hofsten 1982), becoming 

uncoupled as part of a restructuring process. Individual components would be 

individually developed in relation to the objective world before being reintegrated into 

the behavioural repertoire of reaching and grasping. Trevarthen (1974) indeed found 

that the synergistic arm flexion/ hand opening was broken up during the second and 

third months, but proposed an explanation involving more advanced development of 

proximal control of the limb (Trevarthen, Murray & Hubley 1981)

A longitudinal study by Hofsten (1984) considered the question of changes in the 

amount of pre-reaching over the first few months of age. The subjects were studied 

every three weeks from the first week to 19 weeks of age. The stimulus was a colourful 

‘pom-pom’ ball which could be stationary, or moving in a regular or irregular manner.

It was found that there is indeed a significant change in the pattern of pre-reaching at 

around two months. The number of forward extensions decreased, and there was a 

change from hand opening to fisting on arm extension; visual fixation increased during 

the same period. This dissociation of arm and hand movement and inhibition of 

forward pre-reaching, it is suggested, may indicate dissociated, unintegrated 

development of the proximal and distal motor systems, discussed elsewhere in this 

chapter. It was also found that after two months of age, hand opening does occur in
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conjunction with forward extension of the arm, but only when the stimulus object is 

fixated. These findings concur with Mounoud and Vintner’s model of restructuring of 

infant movements.

1.3.1.5 Kinematic studies of early motor behaviour

Earlier studies relied on the use of careful analysis of video recordings for their data. 

More recently, sophisticated motion analysis apparatus has become available, allowing 

a more detailed examination of the kinematics of movement. The reaches of adults and 

of infants from 4 months on consist of separate segments of acceleration and 

deceleration (Fetters and Todd 1987; Mathew and Cook 1990, Abend, Bizzi and 

Morasso 1982, Hofsten 1991). The trajectory of movement tends to be straight within 

these segments, with changes of direction occurring after a deceleration. Hofsten and 

Ronnqvist (1994) used an active optoelectronic system (SELSPOT) to record the 

spontaneous arm movements of 3 to 5 day old neonates. Using such apparatus it is 

possible to track the path of a movement in three dimensions, and the recordings 

showed that neonatal arm movements had a pattern of organisation that is similar in 

some respects to the mature reach. There were distinct segments of acceleration and 

deceleration, and the most distinct changes in curvature were found at the transitions 

between movement segments. Additionally, the movements of the two arms were found 

to be coupled temporally and in all three dimensions of space.
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1.3.2 Infant development -  the first 12 months

1.3.2.1 Reaching movements

It is actually at about 4 months that the child begins to be able to successfully reach out 

and grasp an object. This reflects several changes which all mature at around the same 

age. The development of the necessary motor pathways is discussed elsewhere in this 

chapter, as is the necessary ability to detect binocular disparity and use that information 

in representations of three dimensional movement space. Another important 

development is the uncoupling of arm and head movements (Hofsten, 1989). A reflex 

known as the asymmetric tonic neck reflex, in which turning the head right or left 

produces an extension of the arm of the same side and a flexion of the opposite arm, is 

present at birth and begins to disappear at 2 months (Dekaban, 1970; Touwen, 1976), 

while in the following two months neck and arm movements become independent of 

each other. Another factor is the infant’s postural stability. The studies of pre-reaching 

discussed above required the subjects to be supported in a semi-reclined position for 

arm movement to occur (e.g. Bower, 1972 ; Hofsten 1982). By 4 to 6 months the infant 

starts to become capable of sitting relatively unsupported, providing a stable base for the 

development of reaching movements. Rochat (1992) investigated the relationship 

between the development of postural stability and reaching in infants. He found that 

infants who could not self-sit engaged in synergistically coupled bimanual reaches, 

while those who could support themselves in a sitting posture used lateralised reaches.

In another study, Rochat (in press) found that there is an expansion of the infant’s 

prehensile space as postural control develops. In this study an array of five-by-three 

coloured balls was presented to the subjects. The non-sitters showed a bias towards
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reaching for a central, bottom region of the display, whereas sitters displayed access to 

the whole area.

1.3.2.2 The approach (proximal) phase

The earliest part of prehensile movements to develop is the approach phase, in which 

the grasping hand is brought into proximity with the object (Field 1977). The immature 

form of the approach has been described as a series of slow zigzag movements 

(Halverston, 1931), during which there is alternating glancing from hand to object 

(Piaget, 1953). This behaviour was described by White, Castle and Held (1964) as a 

slow progression of the hand to the object while the glance shifts repeatedly between 

hand and object. Piaget believed that this is part of a process of mapping visual and 

manual schemata. Development of the mapping, in this view, allows fewer changes of 

trajectory, quicker movements, and a more anticipatory reach. However, some of the 

studies reviewed above stress the occurrence of hand-eye co-ordination and components 

of mature reaching in neonatal pre-reaching, i.e. before there is any mature successful 

reaching experience which would be necessary for such mapping. Hofsten (1979) 

believes that increasing reaching skill with age depends on visual guidance of the reach, 

which is a reflection of increased attention span. Early reaches are often ballistic, 

involving only one movement segment, because that is the limit of the infants capacity 

to attend to both hand and object. Bower (1976) used prisms to displace target objects 

and found that it was not until 24 weeks that the subjects could use visual feedback to 

correct their movement during the approach. McDonnell (1975) on the other hand 

found that younger infants could visually guide their reaching. In this study 

McDonnell showed that a four month old infant was able to compensate when reaching
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for a target horizontally displaced with prisms. Investigating the after effects of 

adaptation in 5 to 10 month olds, McDonnell (1979) found that adaptation was less 

when visually guided reaches were used in comparison to ballistic movements.

Hofsten (1979) attempts to clarify the arguments over the approach in a quantitative 

study of the reaches of five infants aged between 15 and 36 weeks for moving and 

stationary objects. The study found that the length of movements dropped dramatically 

at around 24 weeks, by which time most zigzagging approaches had disappeared. The 

velocity of the target affected the straightness of the reach paradoxically, with faster 

object movement eliciting a straighter approach. Analysis of the number of movement 

segments found that there was a significant decrease with age, with 75% of reaches 

consisting of only one or two elements at 36 weeks. The duration of these elements 

changed with age also; at 15 weeks, all segments were of the same duration (350- 

400ms). By 24 weeks the first segment had increased to about 500ms, with subsequent 

segments lasting about 250 ms. The initial movement segment covered an increasing 

percentage of the approach with age, from less than 50% at 15 weeks to more than 75% 

by 36 weeks. This was reflected in a trend of the greatest acceleration being 

increasingly in the initial segment as the subjects aged. Jeannerod (1994) sees this 

development as a gradual separation of the reach into two phases, an initial transport 

component, followed by smaller correcting movements as the hand nears the object.

1.3.2.3 The role of vision in proximal control

In direct contradiction to Piaget’s position, Hofsten found that there was no alternating 

fixation between object and hand in the younger age groups (<24 weeks); only the
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object was fixated, implying that vision is used for locating the object, while other 

sources of information define the position of the hand (such as proprioception and 

kinesthesis). Only later did the subjects fixate their hands during movement, consistent 

with Bower’s (1976) finding that not before 24 weeks could infants visually correct 

prism displacements, and Lasky’s (1977) that reaching was inhibited when visual 

feedback was removed from subjects aged 5.5 months and older. Lasky used two 

experimental conditions. In one a horizontal mirror over the target, reflecting an 

identical target out of the field of view, prevented subjects using visual feedback to 

guide their reach; in the other condition clear plastic replaced the mirror, so subjects 

could visually guide their hand. The experiment showed that being able to see the 

reaching hand had little effect on 4.5 month olds, but substantially improved the success 

of 5.5 and 6.5 month olds (from 28% successful retrieval to 48% and 68% respectively). 

Additionally, the rate of contact in the mirror condition dropped in the older groups 

from 0.39 to 0.12 and 0.11 contacts/s respectively. These results suggest that this is the 

age at which visual information begins to be incorporated into action control.

1.3.2.4 Grasp formation

In the above studies, there is no account of the grasping of the object, only the approach 

movement. Hofsten and Lindhagen (1979) found that 15 week old infants were capable 

of bringing the hand into contact with the object, but almost always failed to grasp it.

By 18 weeks almost all attempted grasps were successful. Adult grasping relies on 

anticipation based on the relevant characteristics of the object (Jeannerod 1981), in 

terms of shaping the hand to the form of the object, and synchronising the closure of the 

hand with the approach. Timing is crucial, especially if the target is moving. If the

29



hand closes too early the object will impact on the knuckles; too late and the object will 

hit the palm and may be dropped or bounce away. Alderson et al (1974) showed that 

the precision of this timing for catching a ball was as fine as 14ms. This precise timing 

must be under anticipatory visual control; tactual responses would not be fast enough to 

grasp a moving or unstable target. Hofsten and Ronqvist (1988) carried out a 

systematic study of the reach and grasp characteristics of infants aged 5-6, 9 and 13 

months, using the SELSPOT optoelectronic apparatus to measure displacements of the 

ends of the index finger and the thumb in reaches to spherical objects. While hand 

opening occurred during the transport phase in all groups, it was only in the 13 month 

olds that the hand began to close as it approached the object. In the younger groups, 

hand closing only began at or just before contact; however, the authors believe this 

closure could not have been in response to contact since it is consistent with visually 

triggered closing; in this youngest group, 75% of grasps occurred within + /-100ms of 

contact, too soon to be a direct response to touch. This study also considered 

anticipatory shaping of the hand in preparation for grasping. It was found that in the 

younger groups there was no systematic correlation between object size and maximum 

grip aperture, while a significant correlation was found at 13 months. In general, the 

study found that anticipatory visual control of position and shaping of the hand by 

object characteristics is present at 5-6 months, but does not reach the mature form until 

13 months.

The orientation of the hand is also adjusted in anticipation of contact by young infants 

(Lockman et al 1984; Hofsten & Fazel-Zandy 1984). Lockman et al looked at hand
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orientation in response to vertical and horizontal objects in 5 and 9 month olds. They 

found that the older children correctly oriented their hands in anticipation to grasping, 

while the 5 month olds showed only a non-significant trend to do so. Hofsten and 

Fazel-Zandy (1984) used paired video cameras to make more sensitive measurements 

and found evidence of anticipatory orienting in infant as young as 18 weeks, with 

precision of the adjustment improving with age. Initially, preparatory adjustments were 

made mainly in the initial phase of the reach, but after 6 months they were sometimes 

made during the whole reach. Visual information about object orientation appears to be 

available from the onset of reaching for objects.

1.4 M otor Pathways

1.4.1 Animal models

There are at least three motor pathways involved in the control of movement of the 

upper limbs, one cortical and two subcortical. The most significant evidence for this 

comes from studies of the rhesus monkey by Kuypers and his colleagues. The rhesus 

monkey is appropriate for comparison with humans in that its manual system is similar; 

it has an opposed thumb and an index finger which can be moved independently. The 

three pathways are known as the pyramidal, the lateral and the ventromedial.
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1.4.1.1 The pyramidal tract

The pyramidal system projects directly from the motor cortex to the motor neurones of 

the muscles of the hand and fingers, and appears to be responsible for movements of the 

extremities. Some pyramidal fibres directly synapse with motor neurones, and the bulk 

of these terminate contralaterally, with some ipsilateral termination. In lesion studies, 

independent movement of the index finger was permanently lost and movement of the 

hand was severely impaired after bilateral interruption of the pyramidal tracts at the 

brain stem level (Lawrence & Kuypers, 1968a), though gross movements of the hand 

were still used, for example to grip the bars of the cage. At no point during recovery 

from this lesion could the animals remove food from smaller test wells (a series of 

depressions of varying diameter in a board, in which small pieces of food were 

presented; the smaller wells required independent finger movements to ‘winkle’ out the 

food). Food which was grasped could not easily be released at the mouth. Subjects in 

which one tract was partially spared showed persistent preference for using the 

contralateral arm throughout recovery, and some independent finger movement 

returned.

1.4.1.2 The subcortical pathways

The subcortical systems were distinguished as lateral and ventromedial, according to 

their terminal distribution pattern in the grey matter of the spine (Lawrence & Kuypers 

1968b). Lesions of the lateral system in monkeys which had already suffered bilateral 

interruption of the pyramidal tracts impaired independent hand movement and the 

ability to flex the thumb. Whole body movements such as walking or climbing, were 

scarcely affected, but the animals were initially unable to grasp food with the whole
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hand. This ability was recovered, but only as part of whole arm movement, not 

independently. The ventromedial system appears to be involved with integration of 

movements of the limbs and the trunk. Lesions here impaired arm movements and the 

maintenance of erect body posture (flexion bias of the trunk and limbs). If the limbs 

were brought to food, the monkeys were still able to pick up the food. (Lawrence & 

Kuypers 1968b).

Thus in the adult rhesus, the ventromedial system appears to control posture and limb 

movement integration, the lateral system is responsible for independent use of the 

hands, and the cortical pyramidal system finely controls distal movements of the hand 

and independent finger movements. It appears that the fine independent control of the 

digits in primates is controlled by corticomotomeuronal connections. Chambers and 

Liu (1957) found that cats, which have no direct corticospinal connections, lack the 

ability to move their digits independently.

1.4.2 Development of motor pathways in humans

Developmentally, differentiation of these pathways appears to occur in the months 

following birth in humans and monkeys. At birth there are no connections via the 

pyramidal tract in monkeys; Lawrence & Hopkins (1972,1976) found that in early 

attempts to grasp food, there was no independent closure of the fingers, with grasping 

by the whole hand. After flexion of the arm to bring food to the mouth, releasing this 

grip was difficult. This finding concurs with later findings of synergistic extension and 

flexion of the arm and hand in human neonates (Trevarthen, 1974; Hofsten 1982); 

flexion of the arm appears to be coupled with closing of the hand. DiFranco, Muir and
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Dodwell (1978) found that in only 8% of spontaneous human neonatal arm movements 

were the hands fisted. In Lawrence and Hopkins’ studies of rhesus monkeys, this 

coupling disappeared between 2 and 3 months, when independent use of the thumb and 

index finger allowed removal of food from a small container. More sophisticated 

movements developed later, such that by 5 to 6 months the medial three fingers could be 

kept out of the way of the forefinger as it winkled food out of a hole. This development 

was observed in parallel with the development of direct connections between cortex and 

motor neurones, which increased up to the age of 8 months. Interruption of the 

pyramidal tract at 4 weeks did not impair the development of reaching, but independent 

movement of the fingers never developed, indicating that direct corticomotomeuronal 

connections are indeed necessary for relatively independent finger movements, and that 

no other descending pathway could establish sufficient connections for such movements 

(Lawrence and Hopkins, 1976). In fact, the pyramidal tract myelinates relatively late in 

man, increasing most rapidly from birth up to 8 months, and incomplete until a year or 

more (Yakovlev & Lecours 1967).

Recently, the development of transcranial magnetic stimulation (TMS) has enabled 

functional examination of cortico-spinal development without the need for invasive 

techniques. FI ament. Hall and Lemon (1992) used this technique on 2 young macaques. 

Using a 1.5 Tesla coil, they were unable to find evidence of responses in hand muscles 

before 4 and SVz weeks respectively. However, Eyre et al (1991) found that TMS 

elicited responses in actively contracted hand muscles even in neonates, and suggest 

that corticomotomeuronal connections are present from birth. Active contraction 

facilitates TMS responses when the corticomotomeuronal connection is weak. Without
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active contraction, the conduction delay reduced rapidly between 9 and 15 months, in 

concurrence with the timing in Yakovlev & Lecours (1967) myelination study.

The gross movements of the limb, and their integration with postural movements under 

subcortical control, are referred to as the proximal part of a reach; distal movements are 

the precisely controlled independent movements of the extremity. Studies of human 

patients with cerebral cortex lesions support the notion of separate functional ensembles 

responsible for distal and proximal motor control (e.g. Jeannerod, 1986). Studies of the 

dissociation of visuomotor functions will be discussed later.

1.5 Vision and action

1.5.1 Gross and functional Neuroanatomy

Before discussing current investigations into the integration of vision and action, it is 

necessary to briefly illustrate the relevant neuroanatomical structures involved in vision 

and motor control. Figures 1.1 and 1.2 show, respectively, lateral and medial views of 

the cortical hemisphere and brainstem. Of particular interest to the current discussion 

are visual, motor and association areas. The primary visual and higher-order visual 

areas are located on the medial and lateral surfaces of the occipital lobe. The primary 

motor cortex is rostral to the central sulcus; neurones in this area descend via the 

pyramidal tract to spinal terminations as discussed above. The locations of specific 

areas involved in visuomotor integration are illustrated in Figure 1.3 for the macaque 

brain (see section on neurobiological models).
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Figure 1.1 Lateral view of the human brain. Note position of the intraparietal sulcus 

an(j area V5. (Adapteii from Martin, JH (1996))
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Figure 1.2 Medial view of the brain. Note the two sulci which define the central 

boundaries of the parietal lobe, and the visual areas around the calcarine fissure.

(Adapted from Martin, JH (1996))
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1.5.2 Current neurobiological models of the posterior parietal 

cortex.

It is now becoming accepted that it is the posterior parietal cortex, lying as it does 

between visual cortex and motor areas, which performs the transformations of spatial 

information from the visual input into motor plans. The majority of evidence for this 

functional role comes from single-cell recording experiments in primates, and a number 

of anatomically separate areas have be isolated in which the cells respond to very 

specific stimuli. Before discussing these experiments, it is necessary to illustrate the 

neuroanatomy of this region. Figure 1.3 shows lateral and dorsal views of the macaque 

monkey cerebral cortex, with the relevant areas labelled.

In terms of reaching and grasping, two areas of interest are the anterior intraparietal area 

(AIP) and the ventral intraparietal area (VIP). These areas are found in the intraparietal 

sulcus (IPS) of the inferior parietal lobule, which is drawn opened out in Fig 1.3. Other 

important areas are F5 and F4, discussed in the next section, the lateral intraparietal area 

(LIP) and visual areas V6 and V6A.
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Figure 1.3 Illustration of parietal and frontal reaching and grasping areas in the 

macaque. Modifed from Rizzolatti et al (1997)
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1.5.2.1 Area AIP and grasping

Area AIP has been extensively studied by Sakata and colleagues. Taira et al, (1990) 

found that AIP neurones in monkeys trained to manipulate various switches were 

selectively activated by particular ones. The position of the objects in space had no 

effect, indicating that the neurones were activated by the distal rather than proximal 

movements. These cells also had visual specificity -  by manipulating the ambient 

lighting, it was found that some were ‘motor dominant’, responding independently in 

the light or dark. Others were visual dominant, responding only in the light, and some 

were both visual and motor. Later experiments by the same group (Sakata et al 1994 

1995) found that the visually activated AIP cells were responsive to particular objects 

from a selection of cylinders, cones, cubes, rings and plates, and could be activated 

purely visually, without grasping. Object size and orientation specificity was also 

found. Still other cells were found to be activated by the movement of the hand near an 

object Area AIP has been shown to project forward to area F5 by Matelli et al (1994), 

the object-grasping selectivity of which has already been discussed. Jeannerod et al 

(1995) suggest that these areas together make up part of a visuomotor circuit which is 

specifically involved in the organisation and selection of grasping movements (as 

distinct from reaching). Inactivity of either of these areas has similar disruptive effects 

on grasping, (Gallese et al, 1997), but Rizzolatti et al (1997) propose a model in which 

they have different roles in grasping. In this model, AIP provides multiple descriptions 

of an object, providing F5 with several grasping possibilities. F5 then selects the most 

appropriate on the basis of other information (e.g. purpose of action, positions of other 

objects), keeping this description active in AIP and using it to plan the selected grip.
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1.5.2.2 Area VIP and reaching

Neurones in area VIP also have quite specific visual and action specificities, with two 

main populations of cells according to Colby et al (1993) and Duhamel et al (1997). 

Some cells are purely visually driven, and are strongly selective for direction and speed 

of the stimulus. Their RF’s are generally large, and some respond to expanding or 

contracting stimuli (which would be seen in approach or withdrawal). Other cells are 

bimodal, responding both to visual and to tactile stimuli. The tactile responses are 

limited to a receptive field, and most of these are found on the face. Both tactile and 

visual fields of these bimodal cells are congruent, with central visual cells having tactile 

fields on the nose and mouth, and peripheral visual cells responding to touch on the side 

of the head or body. A subset of the bimodal cells have visual field which project 

outwards from the tactile surface, responding to visual stimuli near to the body, and 

some of these respond selectively to approaching or withdrawing objects. An important 

property of the VIP bimodal cells is their spatial constancy; some visual RF’s remain in 

the same position relative to the head, regardless of gaze direction. Other cells with 

similar properties are found in area F4, where purely visual cells are rare. VIP projects 

forward to F4, amongst other areas (Matelli et al, 1994). It may be that F4 and VIP 

form part of a visuomotor circuit involved in the proximal component of reaching and 

grasping (i.e. moving the hand to the object).
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1.5.3 Neural representations

1.5.3.1 Electrophysiological findings

The role of the visual system in planning movements such as reaching and grasping is 

critical in providing the necessary spatial information about the world. The pre-central 

motor cortex has no direct visual input; single cell recordings have shown that neurones 

here code for the physical parameters of movement such as force and direction (Evarts, 

1968; Kalaska et al, 1983). However, it has long been known that there are several 

representations in the cortex of the sensory inputs. There are retinotopic maps in the 

visual cortex (e.g. Van Essen and Maunsell, 1983; Hubei and Wiesel, 1974), and 

somatosensory representations in the post-cental gyrus. The use of backward staining 

using horseradish peroxidase has provided a richer picture of corticomotomeuronal 

connections, and it appears that the motor system may be organised in a similar way. 

Martino and Strick (1987) injected peroxidase into the grey matter of the cervical spinal 

cord and found back-labelled neurones in many cortical areas, including three 

physiologically defined motor representations and part of superior area 6.

This latter area was studied in macaque monkeys by Rizzolati et al (1988). They found 

that the firing of these cells correlated with specific goal related motor acts, rather than 

single movements. Six classes of cell were found, four related to distal motor acts (e.g. 

“Grasping with the hand neurones” and “Holding neurones”) and two to proximal acts 

(“Reaching neurones” and “Bringing to mouth or body neurones”). Additionally the 

distal neurones could be divided according to hand shaping, into “Precision grip 

neurones”, “Finger prehension neurones” and “Whole hand prehension neurones”.
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Interestingly, 20% of all neurones could be driven by visual stimuli, but only if these 

were motivationally meaningful, so for example, reaching neurones could be visually 

stimulated by food presented in their preferred movement direction, or receptive field. 

Bringing to the mouth neurones could be visually stimulated by food moved towards 

and around the mouth. The proximal cells were located in area F4, the distal in F5 as 

defined by Matelli et al (1985).

It appears that pre-motor superior area 6 is important in visuomotor transformation 

(Jeannerod 1994), and is especially involved in visually guided movements. Inferior 

area 6 also codes for motor acts (Rizzolatti et al 1988a) and together area 6 contains 

representations of proximal and distal movements involved in reaching and grasping 

(Rizzolatti et al 1988b). The visual receptive fields of the F4 neurones which could be 

visually driven are defined in terms of body coordinates rather than retinally; responses 

were independent of eye position. The motor characteristics of these neurones code the 

endpoint of movements, in the same co-ordinate system (Gentilucci and Rizzolatti, 

1990). However, the receptive fields of these neurones are large, and could not alone 

provide precise enough information for the observable accuracy of human reaching. 

Two possibilities are suggested to account for this; that populations of F4 cells with 

overlapping fields signal more precise location information; or that foveation as the 

hand nears the object provides precise information to other cortical areas. The F5 

(distal) cells could also be visually driven. Their responses were not location specific, 

but depended on object size. This object-centred perception is used by F5 to specify 

the object-appropriate movements of the hand as it reaches the object, according to
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Gentilucci and Rizzolatti, coding object size in terms of finger separation. No mention 

is made of the dynamics of grasp formation during the reach (see later).

1.5.3.2 Co-ordinate systems used in motor planning

There are various co-ordinate systems which may be used to describe active 

movements. Gentilucci and Rizzolatti (1990) describe four systems as follows:- The 

least abstract is a representation of muscle lengths; this system can give unequivocal 

descriptions of arm position, but has a heavy computational load. Another method 

would be to describe movement in terms of the discharge frequency of motomeurons, 

but the same processing constraints apply. A more abstract representation could use the 

coordinates of the joints; the position of the hand in space could be described in terms of 

the angle of rotation of the shoulder, elbow, and so on. An even more abstract 

representation would be a system of subject centred spatial coordinates, which is the 

system most supported by behavioural data. Morasso (1981) showed that when subjects 

are asked to move their hand to a target, the movement follows a straight path. The 

velocity profile of the movements were always smooth and bell-shaped. In contrast, the 

angular velocity profiles of the joints were complex and variable. This supports the 

view of Bernstein (1967) that movements are planned in terms of straight trajectories, 

which are then transformed into complex movements about the joints. Investigating 

curved rather than straight intentional movements. Abend, Bizzi and Morasso (1982) 

found that subjects tend to produce smooth, straight paths even when told to move 

along a curved trajectory. When curves were followed the path was often segmented, as 

though the subjects were approximating a curve using non-curved trajectories, and the 

movements were slower.
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1.5.4 Neuropsychology

1.5.4.1 Extra-cortical vision (blindsight)

Object appropriate behaviour such as reaching has been used in primates to investigate 

cortical blindness. Humphrey and Weiskrantz (1969) found that while destriated 

monkeys were apparently totally impaired in terms of normal visual function, they were 

able to make motor responses to objects moving in their retinal field. This ‘blindsight’ 

is apparently dependent on subcortical structures, most critically the superior colliculus 

(Mohler and Wurtz, 1977). Residual non-cortical vision has been demonstrated in 

humans using similar techniques. Poeppel et al (1973) found that eye movements in 

cortically blind patients were correlated with the direction of stimuli when the subjects 

were asked to locate targets by moving their eyes. Subjectively, the experience of the 

patients was of guessing rather than seeing. Similar results were found in a study of the 

visual refixations to a novel stimulus of two hemispherectomised infants (ages 3-7 

months and 8-10 months at post-operative testing) by Braddick et al (1992).

Perenin and Jeannerod (1978) investigated manual pointing in six hemispherectomised 

patients, aged between 6 and 17 years. Bright stimuli were presented at eye level at 

between 15 to 75 degrees to the midline for 100 or 500ms, preceded by an audible 

signal. Subjects were instructed to point at where they guessed the target to be, using a 

pointer for targets in the hemianopic field (only the arm ipsilateral to the 

hemispherectomy could be used for pointing). The results showed a definite correlation 

between target position and pointing position for all subjects in the long presentation 

and all but one in the shorter condition. Additionally there was consistent range effect.
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with overshooting for targets within 30 degrees of midline and overshooting for more 

eccentric targets. This latter effect is also found in normal subjects in conditions 

analogous to blindsight, i.e. lack of target information and no visual feedback, and 

Jeannerod proposes that the range effect is an exaggeration of the normal response. An 

importance of blindsight is that it shows that movement can be initiated without a 

cognitive representation of the target - a dissociation of the cognitive and the 

visuomotor components of movement control (Jeannerod 1981). An interesting parallel 

involves the findings discussed above concerning the cortical and subcortical pathways 

involved in prehension; subcortical mechanisms appear to be involved in both the motor 

programming of the approach to an object and the visual processing which provides 

information required to target that approach.

1.5.4.2 Focal lesions and optic ataxia

Blindsight involves residual vision not mediated by cortical processing; the visuomotor 

effects of more specific lesions to the cortex have also been studied. Holmes (1918) 

found impairment of visual localisation in patients suffering from gunshot wounds. In 

two of his six patients there were lesions in the posterior parietal and occipital lobes.

The disturbance involved large errors in reaching for targets, inability to fixate targets 

and impaired ability to distinguish properties such as relative distance, length or size of 

two objects. Object recognition was spared, while topographic memory for familiar 

places was also lost. This cluster of impairments was termed visual disorientation.

Brain (1941) found that in patients suffering from unilateral lesions of the parieto

occipital junction, symptoms of visual disorientation existed only in the hemifield 

contralateral to the lesion, leading to the conclusion that lateral dominance does not
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apply to visual localization. However, later studies differentiated between the cognitive 

aspects of visuospatial disorders, found in right hemisphere patients, and the 

visuomotor behaviour impairments, which are not dissociated by hemisphere (see 

Jeannerod, 1988). The behavioural components of the effects of such lesions to the 

posterior parietal zone have been more specifically defined as visuomotor ataxia by 

Rondot (1977), characterised by misreaching for objects in the affected hemispace.

This inaccuracy of reaching is dramatically increased when visual feedback is removed 

(Vighetto, 1981), and appears to follow a systematic pattern; in left-lesioned patients 

errors were to the left of target, and vice versa. Jeannerod (1986) studied the kinematics 

of reaching in two patients with optic ataxia as a result of posterior parietal lesions. It 

was found that movements of the arm ipsilateral to the lesion were almost completely 

normal. In contrast, contralesional arm movements showed much longer durations and 

lower peak velocity. Removal of visual feedback further increased the duration, and 

changed the form of the reach, producing a much longer deceleration period followed 

by a series of correctional velocity segments. This appears to be similar to (though 

exaggerated) the form of aiming movements made with the left hand in right handed 

subjects (Goodale, 1989). Grasp formation was also disturbed in the contralesional 

hands of these patients, with shaping much later in the movement than normal, 

incomplete closure and increased maximum aperture compared to the ipsilesional hand. 

Removal of visual feedback extinguished grip formation totally in one patient, and 

disrupted it further in the other.
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1.5.4.3 Asymmetries of action planning

Clearly, then, the two hemispheres are processing visual information from one 

hemifield, as would be expected given that this is the case for the downstream visual 

areas. Damage to the posterior parietal cortex on one side can lead to visuomotor 

impairment on the contralesional side, sparing the ipsilesional side. However, while the 

two hemispheres appear symmetrical visually, there is evidence for asymmetry in the 

roles of left and right parietal in action planning. Goodale et al (1990) performed a 

kinematic analysis of aiming movements of the ipsilesional limb in neurological 

patients with single hemisphere lesions. They found that right-lesioned patients took 

longer to initiate movements than controls, but the form of their reach was essentially 

normal. In contrast, the left-lesion cases were normal in the latency of their reach, but 

showed abnormal kinematics, with a generally low peak velocity and longer 

acceleration and deceleration phases. Goodale proposes a model in which the left 

hemisphere plays a more important role in the planning of action, while the right 

hemisphere is more involved with visual processing of the position of the object.

1.5.4.4 Parietal function

The posterior parietal appears to be the main cortical mediator of visuomotor control. 

Several recent neuropsychological studies have examined the higher-order interactions 

between vision and action. Jeannerod et al (1994) found a marked contrast in the 

reaching of a patient with bilateral posterior parietal lesions (though predominantly right 

sided deficit) to familiar and unfamiliar objects. She was less impaired in her reaching 

for objects with which she was familiar, and when asked to indicate the size of objects 

with her fingers, she performed normally. This finding is consistent with Goodale’s
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suggestion of a latéralisation of function. In this view, the patient’s greater deficit on 

the right side reflects more extensive damage to the left posterior parietal, the side 

responsible for motor planning. If the right hemisphere is responsible for cognitive 

aspects of object-oriented behaviour, it would be expected to be less damaged. 

Jeannerod also suggests two pathways, the pragmatic and the semantic, and that the 

familiarity effect implies that semantic cues can be transferred to the pragmatic 

pathway. In this context, pragmatic implies the processing of motor programs and the 

viewer-centred co-ordinate information this requires, while semantic refers to the more 

cognitive aspects of object perception, such as recognition and discrimination.

1.5.4.5 Two visual pathways

This concept of two visual pathways is not entirely new. Schneider (1969) had earlier 

suggested a different anatomical separation between subcortical and cortical processing 

in the visual pathways coding for object location and object identification respectively. 

The where/what distinction has persisted. Ungerleider and Mishkin (1982) supported 

this view with anatomical, electrophysiological and behavioural studies of monkeys.

An important finding was that animals with inferotemporal lesions were profoundly 

impaired in visual pattern discrimination tasks, but not in landmark tasks, where reward 

was contingent on choosing a correct location given a visual cue. Monkeys with 

posterior parietal lesions showed the opposite pattern. Livingstone and Hubei (1988) 

have suggested that the two streams could represent an anatomical distinction at the 

retinal ganglion level; ganglion cells can be segregated by their terminations in the 

lateral geniculate nucleus, in the magno (M) and parvo (P) layers. However, while this 

distinction can be traced through to V5/MT and V4 respectively, the striate areas which
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provide visual inputs for posterior parietal and inferotemporal cortex respectively, there 

is significant evidence for parvo input to V5/MT (Maunsell et al, 1990) and magno 

input to V4 (Nealey and Maunsell, 1991). Goodale and Milner (1992) propose a slight 

modification of the what/where distinction, in terms of the output requirements of visual 

processes. The ‘where’ channel, they propose, is actually a ‘how’ channel, providing 

relevant viewer-centred co-ordinate information about objects which may be the target 

of motor behaviour. Such information would not only involve location, but also some 

motion parameters, and contour and surface cues. Tipper et al (1992) discuss several 

frames of reference: 2D retina-centred, 3D viewer-centred, environment-centred, and 

action centred. Their experiments with pegboard tasks support the latter frame of 

reference for visuomotor control. See also the above discussion of frames of reference 

in terms of co-ordinate systems.

Two patients studied by Goodale et al (1991,1994) supports the notion of anatomical 

separation of the ‘semantic’ and ‘pragmatic’ processes. One patient suffered carbon 

monoxide damage to the ventrolateral occipital cortex and some basal ganglia, as shown 

by MRI. She displayed visual agnosia at 3-6 months post-trauma, including poor 

perception of shape and orientation, being unable to discriminate in terms of colour, 

intensity, stereo, motion, proximity, continuity or similarity. At 15 months she was 

tested for size and orientation perception and visuomotor skill (Goodale et al, 1991).

The orientation task involved indicating the orientation of a slot verbally (tapping 

conscious visual perception) and manually by posting a card, or holding the card at the 

correct angle (visuomotor performance). She performed normally on the motor tasks, 

but very poorly on the perceptual task. Her size perception was investigated using a
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series of white plaques of constant area but different dimensions. Her discrimination of 

these objects was at chance, but her grip scaling when picking them up was normal.

This dissociation of conscious visual Judgement from automatic visuomotor guidance is 

shown reversed in one of Goodale’s other subjects (Goodale et al 1994), who had 

suffered damage to the occipitoparietal cortex. This patient was able to make the kind 

of discriminations discussed above, but was profoundly impaired in the visuomotor 

tasks. This double dissociation supports the proposal that the mechanisms which 

mediate perception and action are anatomically separate.

Similar functional dissociations can also be found in normal subjects under certain 

experimental conditions. Aglioti et al (1995) used the Titchner-circles size-contrast 

illusion (see Figure 1.4 for example) to test the possibility that such illusions are a 

product of ventral perception, and that dorsal processing would be unaffected by the 

illusory figure. In this study small discs were used to make up the illusory figure. 

Subjects adjusted the size of the central disc until both appeared identical, and then 

reached for both. The average disparity between the actual sizes was 2mm, which 

would have been reflected in a difference in grasp scaling, but the results confirmed that 

grasps were scaled to the actual and not the illusory size of the targets.
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Fig 1.4 - The Titchner illusion. The central circle appears larger on the right due to the 

effect of size-contrasting surrounds; in fact it is the same as the one on the left.
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2 Chapter Two: Methodology

The experiments described in this thesis were designed around a motion analysis system 

called ELITE, manufactured in Milan, Italy by BTS. This apparatus allows movements 

to be captured in real-time and the precise location of the anatomy in three dimensions 

can then be used to reconstruct the movement for analysis. This process has only 

recently become available and has become known as kinematic analysis. It has proved 

useful in diverse areas such as medicine, animation, ergonomics and psychology, where 

it is now extensively used in the study of motor control in adults.

The use of motion trackers with infants is not straightforward and experiments must be 

designed in such a way to take account on the variability of the subjects’ responses and 

the sometimes unpredictable nature of babies’ movements. In addition, this method 

produces very large datasets, and this data must be reduced to meaningful measures 

before statistical analysis can take place. In adult studies this can take the form of 

averaging a large number of trials to a standardised response, but working with infants 

usually precludes this possibility since the subjects can not be instructed to perform a 

movement in a particular way. There follows a description of the apparatus used and 

the strategies and techniques which were used in these studies to surmount these 

problems.
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2.1 M otion tracking systems - overview

There are several methods used in motion analysis systems, falling into two broad 

categories: active and passive systems. In both cases the systems use detectors (usually 

video cameras) to track the position of a number of small markers which can be 

positioned on the subjects, and active/passive refers to the nature of the communication 

between the receptor apparatus and the markers which are positioned on the subjects. 

Active systems have markers which transmit a signal to the receptors, usually allowing 

each marker to uniquely identify itself to the hardware. Passive systems use markers 

which are simply reflectors - in the case of the ELITE, reflectors of infrared light.

There are innate advantages and disadvantages of both systems.

2.1.1.1 Active systems

A commonly used active system is the Optotrak. This equipment uses infrared emitting 

diodes as markers and a bank of fixed cameras to detect them. Within each sampling 

cycle of the system, each marker emits in turn, allowing the data acquisition computer 

to distinguish between markers. The position of the markers is calculated geometrically 

using the known relative positions of the cameras in a process analogous to stereopsis. 

The advantage of this approach is that the marker positions are read directly from the 

system and stored as simple Cartesian co-ordinates. However, there are disadvantages. 

In common with nearly all active systems, each marker has a fixed electronic 

connection to the sampling hardware, so in an experimental setting the subject must 

wear a loom of wires running away from the markers. In an adult subject this is only a 

slight problem, often alleviated in arm/hand studies by the use of a glove to which the
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markers have been previously attached. In infants studies especially with very young 

children, such a system would be very impractical since the time taken to set up the 

markers would take longer than the child’s behavioural state would allow, and given the 

size of babies’ hands, gloves could also not be used.

Another system currently undergoing trials in the VDU is the OWL. This is an 

ultrasonic device originally intended as a wireless mouse pointer computer for screens. 

It consists of a small emitter which can be attached to the body (e.g. to the finger), and 

three receptors on a fixed L-shaped frame. This system has a high resolution, both 

temporal and spatial, returns the position of the marker in real time, and since the 

emitter is battery powered, requires no trailing wires, making it potentially suitable for 

infant use. However, in its current form, only one marker is available, which constrains 

experimental design.

2.1.1.2 Passive systems

Passive systems such as the ELITE also use two or more cameras to calculate the 

position of the markers, but these markers are not overtly distinguished from each other 

at acquisition phase. Instead the markers are made of a highly reflective material and 

the entire experimental area is illuminated with infra-red light. The cameras are IR 

sensitive and the markers stand out to the system as areas of high luminance. The clear 

advantage of this system when working with babies is the lack of trailing wires; the 

markers can be quickly affixed to the relevant anatomy causing the least possible 

interruption to the flow of the experiment. The only slight risk of this method is that the 

markers are small and cannot be completely securely attached to skin, so occasionally
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subjects attempt to ingest them. Unfortunately, using passive markers has one major 

drawback - the positions of each marker can not be directly recorded by the system, as 

there is no way for it to tell one marker from another. To compute the position in space 

of a marker, the system needs to register which point on a particular camera corresponds 

to which point on the other camera (the stereo-correspondence problem). Thus if two 

markers are close together, as they often are, errors could clearly occur. The solution 

chosen by the manufacturers of the ELITE is to rely on the operator to solve the 

problem by telling the computer which marker is which in each camera view. This must 

be done after the experiment and introduces a time-consuming stage to the process.

2.2 ELITE system characteristics

The ELITE system used in these experiments is a two camera system. The cameras are 

ceiling mounted with a separation of (1.35m), allowing an acquisition volume of over a 

cubic metre. An array of infra-red emitting diodes (IREDs) surrounds each camera lens, 

ensuring appropriate IR illumination of the markers. Two types of marker are used.

The markers supplied by the manufacturer are hemispherical, causing them to stand out 

from the skin and improving overall capture rates (see later). In some cases these 

markers were not considered appropriate (for example when their form would interfere 

with the appearance of a stimulus, or when a subject was persistently attempting to 

consume the marker. In such cases microprism reflective tape is used. This is a highly 

reflective material used in road-safety applications, and has the property of reflecting 

over a much larger angular range than most reflective surfaces. Despite this, the tape
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proves to be a much less effective marker and the hemispheres are used wherever 

possible.

The sampling rate of the ELITE system is 50Hz. The spatial resolution varies 

depending on the size of the marker and the distance to the camera, but is of the order of 

1mm in most experimental situations. The system is controlled by a 120mhz Pentium 

PC, which is also used to store and analyse the data. Data flows directly from the 

ELITE hardware to the PC memory via a Direct Memory Access card, and thence to 

disk storage.

2.3 Use of ELITE with infants /  clinical subjects

As has already been mentioned there are specific problems in using this type of 

equipment with infants. Some of these are difficulties which are general to infant work, 

such as the behavioural state of the subject and the unpredictability of their response, 

but some are related to the functioning of the ELITE. A particular problem lies with the 

use of markers. Many of the subjects became aware of the markers as soon as they were 

applied, and often became more interested in them than in the experimental stimuli.

The usual way for infants in this age group (6 to 12 months) to explore objects they 

come into contact with is orally, and it was common for the babies to attempt to eat the 

ELITE markers. This was originally difficult to prevent as the markers could not be 

very firmly attached to the skin. In later experiments a two-tier system was used in 

which a large piece of Micropore tape was applied to the skin, and double-sided
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adhesive tape was used between the Micropore and the marker. This allowed a much 

stronger attachment, but vigilance was still necessary to avoid loss of markers.

Another problem lies with the great variability and unpredictability of infants’ arm 

movements. In an adult reaching experiment, markers can be affixed to the back of the 

hand and the subjects instructed to reach in such a way as to keep them in view of the 

cameras. Babies can not be so instructed, and their immature movements do no follow 

the shortest path as mature reaches usually do. Their movements tend to consist of 

multiple acceleration-deceleration phases, and often involve indirect trajectories and 

rotations. This often causes the markers to disappear from the view of one or both 

cameras, and if this happens for more than a few frames, a whole trial may be lost. As 

these experiments involved using the ELITE to simply observe subjects movements in 

response to varying stimuli, it was not possible to constrain movement in any way. 

While the use of convex markers improved overall marker visibility, many trials were 

discarded due to lost markers.

2.4 Additions made to the system at the VDU

2.4.1 Hardware

Along with ELITE acquisitions these experiments were also recorded on video tape. 

This allows measures to be taken which are not available from kinematic data, such as 

the latency between exposure to the stimuli and the onset of movement, or qualitative 

judgements of the types of errors made by clinical subjects. Video recordings are also 

useful for clarifying which part of a long ELITE record corresponds to a goal directed
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movement, when this may be encompassed on both sides by other movements. During 

pilot studies it became apparent that it would be useful if the video recordings could be 

synchronised with the ELITE recordings, as it was often difficult to choose a particular 

video frame corresponding to a point on a trajectory plot. The solution to this problem 

involved the use of a video timer connected to the acquisition computer. The timer 

superimposes a time code on the video record in hundredths of a second, and this time 

code can be zeroed by sending a 5V pulse to the timer. The acquisition of the ELITE is 

triggered using the RETURN key on the computer keyboard, so a small memory- 

resident program was written which could be run before the ELITE software. This 

program causes one of the pins on the serial port of the PC to be momentarily set high 

(5V), and a wire from this pin is connected to the timer. Thus every time an acquisition 

is commenced using the keyboard, the timer superimposed on the video record is reset. 

This allows the video and ELITE records of a movement to complement each other and 

one can be used to clarify ambiguous data on the other

2.4.2 Software

The software supplied with the ELITE was written before the common use of graphical 

user interfaces (GUIs) and does not benefit from the great ergonomic improvements of 

this development. Since many data files are created in the course of an experiment, 

attempts were made in several areas to improve upon this software.

One problem with the ELITE software lies in visualisation of a movement on a two 

dimensional computer screen. While several graphing options are provided, these are 

not interactive and once plotted, the only further option is to chose another plot. Also,
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all plots can only be viewed as a projection onto a single plane which can be saggital, 

coronal or frontal as defined by the cameras. This is a great limitation when considering 

three dimensional data. In an attempt to overcome this constraint, software was written 

using Microsoft Visual Basic which could read ELITE-native data files and display the 

trajectories on moveable x-y-z axes. The plots can be zoomed in and out and rotated 

with three degrees of freedom. This allows a much more sophisticated inspection of a 

particular movement and has proved useful as an aid in analysis.

Work on this software raised another issue - the use of this data in other analysis 

packages. While other motion trackers provide simple text files which can be read by 

other programs, the ELITE keeps its records in a bespoke form. Clearly it is useful to 

be able to read such data into, for example, a database, spreadsheet, graphics or statistics 

package, and there is indeed a program in the ELITE software suite to do this.

However, like most of that suite, it is poorly designed and a laborious process must be 

repeat for each file to be translated. Thus a specification of the ELITE data format was 

obtained from the manufacturers and software was written in Borland C++ to convert 

large batches of data files into text form.

A possibility under consideration is the improvement of the data reconstruction stage of 

the analysis, in which the user must fit a model of the markers to the two separate 

ELITE camera records, solving the stereo-correspondence problem. This is the most 

laborious stage of the process and theoretically could be reduced to occasional user 

involvement; given that markers move smoothly from one frame to the next, there is 

sufficient information to disambiguate in cases where two markers have been confused
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simply by considering previous or following frames. A feasibility study was undertaken 

on this project, but it was decided that the time saved would not compensate for the time 

needed to solve the problem and the analysis in these experiments was mostly done 

using the original software. In fact, the most recent version of the software has 

improved this aspect to some extent, but anyone intending to use a system such as this 

must consider the time taken in data elaboration when designing experiments.

2.5 Computational analysis of kinematic data

In adult kinematic studies it is common practice to use computational methods to 

average across large numbers of trials from the same subject and produce standardised 

response trajectories. This has the advantage of improving the signal-to-noise ratio in 

data which is inherently noisy. In most of these studies it was not considered 

appropriate to take this approach due to the very variable motor responses of the infants, 

but in the study of posting movements in Williams Syndrome the data was sufficiently 

constrained to allow some computational analysis. The techniques used are discussed 

as part of the methodology of that experiment (see Chapter Nine).
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3 Chapter Three: Experiment 1 - Visually directed 

reaching in infants; the effect of varying object 

dimensions

3.1 Introduction

Several of the experiments in this thesis involve the reaching of infants after 4 months 

of age, when human babies begin to reach out effectively for objects in their 

environment (Hofsten, 1989). This behaviour soon becomes almost compulsive, and 

reflects several developmental changes: myelination of the motor pathways which allow 

independent movement of the arms and hands (Yakovlev and Lecours, 1967; Lawrence 

and Hopkins 1972, 1976); the extinguishing of motor reflexes which is involved in the 

development of cortical motor control (Touwen, 1976); the development of sitting 

without support, providing a stable base for exploration (Rochat, 1992); and the 

maturation of binocular vision, providing depth information necessary to judge the 

position of objects in space (Atkinson and Braddick, 1983). This reaching and object 

manipulation are not only a function of developing manual skills; Hofsten (1982) 

stresses the information-gathering aspect of arm-hand movement; when an infant 

visually fixates an object and reaches for it, these are part of the same orienting response 

to the object.

An early empiricist theory of visual development is that of George Berkeley (1710). 

Berkeley believed, for example, that depth perception develops from learning the
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relationship between eye position, accommodation and distance. According this 

empiricist tradition, what an infant is doing when he or she develops visuomotor control 

is experientially mapping tridimensional motor space to tridimensional visual space.

This is similar to Piaget’s (1952) assimilation and accommodation. However, more 

recent work has suggested a more nativist position, in which some elementary aspects of 

visually guided arm movements are present in neonates (e.g. Bower, 1972; Hofsten 

1979). In either case, visuomotor development is constrained by development of the 

visual system, and there has been little attention paid to the ontogeny of the links 

between motor skills and visual perception.

Kinematic analysis allows detailed examination of the content of a movement in 

addition to outcome measures, making explicit movement trajectory, velocity and 

acceleration. This technique has shown that infant reaches develop from ballistic 

swipes into reaches consisting of several phases of acceleration and deceleration, 

referred to as velocity peaks, or segments (Hofsten, 1991), the number of which 

decreases as control improves. Jeannerod (1994) sees this development as a 

differentiation into two distinct phases, a transport phase and a smaller correction phase 

as the hand nears the object. Atkinson, Braddick and Hood (1994) have considered the 

use of binocular vision in the control of reaching. In a kinematic study of 7-9 month- 

olds, they found that in monocular viewing conditions, reaching movements showed a 

significantly larger number of segments, and a higher peak velocity than under 

binocular viewing. This finding suggests that the infants are making more primitive 

reaches, or misreaching, when the binocular source of depth information is not 

available, and thus that it is available at this age for the control of reaching.
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This study aims to investigate the visual input to motor programming, specifically by 

varying the physical dimensions of objects. Hofsten and Ronqvist (1994) found that 

preshaping of the hand during the transport phase only occurs at 13 months, but visual 

information may effect transport kinematics in other ways before this time. By 8 

months the proximal and distal components of reaching are reasonably well integrated, 

but as shown by Atkinson et al (1994), this can be affected by changes in the viewing 

condition. Infants of this age can easily discriminate object size in the range of this 

experiment, but can they use this information to program their reaching, and if they can, 

what is the effect of varying object size on the kinematics outcomes of reaching and 

grasping? Adult work by Jeannerod (1981) suggests that manipulation of object size 

should not affect the transport component of a reach, only the hand shaping in 

preparation for the grasp, but in the developing infant, have these visuomotor channels 

completely differentiated? Kinematic analysis of infant movement should help to 

clarify these issues, and may show differential efficacies of different stimuli in eliciting 

a reach.

3.2 Method

3.2.1 Subjects

The subjects were five healthy infants aged between 7.2 and 8.1 months, one male and 

four female, all bom within +/-10 days of term. At the time of testing all were alert and 

in a good state.
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3.2.2 Stimuli

Five plastic cylinders of different sizes were used in the experiment. Their dimensions 

were as follows:

j /

Object diam eter (mm) length (mm)
1 25 40
2 8 80
3 25 80
4 45 80
5 25 160

The five objects were chosen to provide three levels of length and three levels of 

diameter, while maintaining the other dimension constant. Cylinders were chosen 

because they were easy to produce in a range of dimensions and informal trials had 

shown that they were easily graspable and usually elicited reaching in infants of this age 

group. Red plastic was used to create a clear contrast between object and background. 

In order to monitor the position of the object, an ELITE marker was attached to the 

centre of one end of each cylinder. As the cameras of the ELITE system are ceiling- 

mounted, occlusion of object markers was expected to be rare. The cylinders were 

presented at shoulder height on a height-adjustable platform, which was positioned at a 

comfortable reaching distance of around 15cm. Presentation involved concealing the 

platform with a blank card screen while an object was selected and positioned, followed 

by removal of the screen.
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3.2.3 Apparatus

The ELITE motion analyser was used to record the reaching movements of the subjects 

using three unconnected markers, one for each hand and one for the object. The spatial 

resolution of the system is <lmm, and the frame rate is 50Hz. In addition to the ELITE 

recordings, a video record was also made of each trial. This camera was positioned to 

provide a close view of the infant’s face and upper body, and also the target object. The 

video record was intended partially to provide some of the measures in the experiment, 

and partly to disambiguate problematic ELITE records where occlusion of markers 

results in a reduced number of markers. The video signal was fed through a timer, 

which imposed seconds and hundredths of seconds on the image for use in analysis.

3.2.4 Procedure

In pilot studies we had tried informally testing children in this age range with them 

sitting on the parent’s knee, in a customised secure infant seat, and in their stroller (if 

available). We found that at this age the child was happiest and most responsive on the 

parent’s lap. Before testing, a marker was attached to the back of each hand at the base 

of thumb and forefinger; if necessary sleeves were rolled back to avoid occlusion. The 

markers consist of small pieces of microprism reflective adhesive plastic film, cut into 

5mm squares. Markers were put on both hands since at this age full latéralisation is 

rarely clear, and it was expected that some bimanual reaching would occur. After 

attachment of the markers, the presentation platform was adjusted to the height of the 

infant’s shoulders. Measurements of thumb and forefinger length were taken, to the
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second knuckle of the thumb and the third of the finger. Video recording was then 

started.

The objects were presented in random order in a series of blocks, each object presented 

once in each block. Four blocks were attempted, giving at most 24 reaches per child, 4 

per object, but in some cases the infant lost interest or became agitated before all the 

trials were completed. Each trial began with the infants hands near his or her trunk 

(restrained by carer if necessary), and a white card screen obscuring the object. As the 

screen was removed the ELITE system was started. If the infant failed to reach on 

seeing the object, his or her attention was drawn to it by the experimenter tapping the 

top of the object. If no reaching then occurred, the trial was cancelled and repeated.

3.2.5 Analysis

There are certain problems inherent with using the ELITE apparatus with infants. 

Occlusion of the markers is the most common, as a result of rotation of the wrist joint or 

covering of one hand by the other. This renders sections of the ELITE record unusable 

in most cases, although occasionally it is possible to fit an alternative model with less 

markers. Infants cannot be instructed to avoid this behaviour as adults can, and given 

that only a limited number of trials can be performed with each subject, it can be a 

significant difficulty in using the ELITE. Another problem is that the infants often 

become more interested in the markers than in the target objects, and attempt to remove 

them.
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Analysis is very time-consuming, typically taking 15 minutes for each reach, and as a 

result more subjects were tested than have been analysed for this study. For each 

ELITE record a model has to be fitted separately for every usable segment of the 

recording, of which there may be several, for each camera. After model fitting, only 

those parts of the record for which the system has complete data from both cameras for 

all markers are available for examination. The computer must then be instructed to 

filter the displacement data to calculate velocity and acceleration. After this processes, 

graphics are available and the video record is inspected. By examining plots of 

displacement in the horizontal plane and the scalar of velocity while viewing the video 

record, it is usually possible to isolate the point on the ELITE record where reaching 

begins and ends. The end point was taken as first contact with the object, which is 

registered as a slight displacement of the object marker in the ELITE graphs. Several 

measures were taken from each trial: time of visual fixation, time of onset of reach, and 

time of end of reach, success or failure to grasp, and hand used were taken from video. 

For the purpose of the present analysis, peak velocity and the number of velocity 

segments were taken from ELITE graphs. Two measures were calculated from the 

above: the latency between fixation and onset of reaching, and the duration of the reach.

3.3 Results

The group of objects chosen in this study were selected so that the effects of length and 

diameter could be studied separately in one design. Thus where length is under
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consideration, objects 2, 3 and 4 are analysed, since they vary only in length. Where 

diameter is considered, object 1, 3 and 5 are considered.

3.3.1 Latency

When examining the effect of object size and subject variability on latency, only those 

reaches for which there was high confidence of the integrity of the latency measure 

were used. Also, two outliers of greater than 1.5 seconds were excluded. Analyses of 

variance showed no main effect for object diameter or object length on latency and no 

statistically significant variability in individual subjects’ results. The mean latency was 

0.35s (s.d =0.3, N=60). The results for each subject are shown in Tables 3.1. and 3.2. 

and Figures 3.1. and 3.2. No relationship was found between latency and hand used for 

reach, latency and peak velocity or latency and number of velocity segments.

subject m ean latency s.d. n
1 0.43 0.32 18
2 0.15 0.35 10
3 0.37 0.23 10
4 0.45 0.38 9
5 0.34 0.20 13

Table 3.1. Mean look-to-reach latencies, ignoring object variation
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Object
Subject 1 2 3 4 5

1 .19 .88 .43 .50 .28
2 .73 - -.05 -.03 1.5
3 .42 .71 .36 .11 1.2
4 .62 .54 .20 .17 .29
5 .24 .37 .39 .35 .29

Table 3.2. Mean fixation to reach latencies, all objects.
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Figure 3.1. - Mean latency between fixation and reach-onset for three levels o f object 
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3.3.2 Latéralisation

Three of the subjects showed strong latéralisation, two did not, but this latéralisation 

was not complete; all subjects could use either hand for reaching, and all but one subject 

used bimanual reaching on a small number of occasions, but this was not found to be 

related to object diameter or length, or to the kinematics of reaching. Subjects’ hand 

use is summarised in Table 3.3.

Subject bimanual left right
1 2 11 10
2 0 1 13
3 2 17 5
4 5 7 12
5 2 0 18

Table 3.3: Number of reaches and hand(s) used by each subject.

3.3.3 Reaching duration

Table 3.4 shows the mean reaching durations for the five objects in this study, for each 

subject. An analysis of variance (see table 3.5) found that object length had no effect on 

reach duration, but the relationship between duration and diameter was significant,

(F(2,8) = 11.1, p  < 001). A plot of mean reach duration by subject against object 

diameter shows that this effect involves a consistently higher duration for the narrowest 

object. This appears true for all but one subject, whose reaching durations were
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almost constant. Post hoc comparisons using Tukey’s HSD at significance level 0.05 

shows that reaches for object 2 were of longer duration than for the other two objects. 

No relationship was found between duration and latency or duration and handedness. 

Investigating the kinematics, there were not enough valid ELITE records to perform an 

analysis of peak velocity or number of peaks divided by object and subject, but taking 

all the reaches as a whole, (i.e. ignoring between-subject variation) a strong correlation 

was found between duration and the number of velocity peaks (Pearson’s r = 0.79, 

n=28, p  <0.001) but not between duration and peak velocity. Peak velocity was not 

correlated with number of peaks. These data are summarised in Figures 3.3, 3.4 and 

3.5.

Object
Subject 1 2* 3* 4* 5

1 0.58 1.3 0.8 1 1.2
2 0.68 1.2 0.66 0.96 0.41
3 0.87 1.2 0.71 0.81 1
4 0.84 0.61 0.57 0.55 0.57
5 0.58 1.1 0.66 0.5 0.82

Table 3.4. Mean duration of reach for each object (objects with diameter variation are

marked *).

Source Sum of Squares df Mean Square F Sig.
Object 0.49 2 0.24 11.13 0.005
Error 0.17 8 0.021

Table 3.5. ANOVAR results for all subjects. Object effect compares duration of

reaches across 3 object diameters.
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Figure 3.3. Mean reach duration for three levels o f object length. The colours represent

different subjects.

75



1.4

1.2

1

c  0 .8

0.6

0.4

0.2

0
0 10 20 30 40 50

Diameter (mm)

Figure 3.4. Mean reach duration for three levels of object diameter, colours represent

different subjects.

76



1.5

I
-i
1 0.5 -

0
3 4

Number of peaks
7

Figure 3.5. Plot showing the correlation between number of velocity peaks and reach

duration.

77



3.3.4 Kinematics

Figures 3.6. and 3.7. are examples of typical reaches of these infants. Kinematic data 

could be extracted for 47 out of 105 reaches. In most cases these follow the accepted 

pattern of an initial fast transport component, followed by one or more corrections, of 

lower peak velocity. However, inspection of the table of frequencies below shows that 

in 11 trials there was only one velocity peak, a more mature form of reach-grasp 

integration normally seen in adults. Table 3.6. shows the distribution of number of 

peaks.

peaks n vaiid %
1 11 23.4
2 16 34.0
3 10 21.3
4 4 8.5
5 4 8.5
6 2 4.3

m issing 58 -

Table 3.6. Frequencies of reaches with number of velocity peaks.
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Figure 3.6. A unimanual reach. Upper trace is o f forward displacement . blue = right 

hand, red = left, green = object. Note coupling of right hand and object as right hand 

grips object. Lower trace shows absolute speed of the three markers. Main transport 

component of reach is from 660 to 980 ms
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in lower graph, followed by close velocity coupling of makers until 1900 ms when

object was dropped.
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Individual subjects’ means are shown below. The population mean is 350 mm/s (s.d. = 

139 mm/s, n=46) and taken as a whole these scores are reasonably close to a normal 

distribution with a positive skew (kurtosis = -0.59, skew = 0.11). A summary of 

maximum velocities for each subject is shown in Table 3.7.

Subject m ean v ^ a x s.d. n
1 350 - 1
2 252 157 9
3 368 154 15
4 367 76 13
5 398 149 8

Table 3.7. Mean velocity maxima for each subject

3.4 Discussion

It is important to point out that the small number of subjects in this experiment seriously 

limits the conclusions which can be drawn from the results. This is due to the time 

required to extract several measures from the experimental record. This said, the results 

are interesting and point to further experiments. The most significant finding is the 

effect of object diameter on reach duration. The correlation between number of velocity
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segment and reach duration suggests that the longer durations for the very narrow object 

are a result of a larger number of corrections. Typically in the reaches of these infants, 

the first acceleration-deceleration segment appeared to be the transport component, 

reaching the highest velocity and covering the majority of the distance to target. Thus it 

appears that in reaches for the narrow object, the visually mediated object knowledge 

which is relevant to grasping is ineffectively integrated into the structuring of motor 

commands for the proximal (transport) movement. The corrections indicate that the 

hand is not guided to the object with enough accuracy for grasping in the first velocity 

segment. Further analysis of the effect of object dimensions on the duration and time to 

peak of the first segment may clarify this. This is consistent with Jeannerod’s (1981) 

view that only hand shaping should be affected by object size, not the transport 

component, pointing to differentiated proximal and distal visuomotor channels at 7 to 8 

months. However, these reaches are not of the adult form, in which grasp adjustment to 

object size is smoothly integrated into the transport; the infants are approaching all 

objects in the same way, with visually-directed corrections only as the hand nears the 

object, rather than predictively planned. Kinematic measures of hand shaping would 

clarify the integration of the proximal-distal dichotomy. Jakobson and Goodale (1991) 

found that removal of visual feedback of the hand at the beginning of a reach did not 

eliminate grasp scaling to object size in adults. The findings above suggest that in 

infants of this age, the distal control of grasp is not programmed at the beginning of the 

reach. However, the finding that the shortest reaches were for object 3, which most 

closely fits the infant hand, suggests that the longer correction time needed for the thin 

object may have a more simple explanation in terms of maturation of precision of 

independent control of the extremity. Myelination of the pyramidal tract, which
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mediates independent finger movements under cortical control, is not complete at this 

age and it may be that finer control necessary for grasping object 1 is not available, 

leading to errors of motor program execution rather than in the structuring of the 

program itself.

3.4.1 Object length

The lack of an effect for object length is unsurprising. The three objects which varied 

only in length were of the diameter which elicited the shortest duration reaches, 

implying that this diameter is in some way optimal for grasping. The optimal way to 

grasp a vertical cylinder which fits the palm is surely to approach from the side; in this 

case, length would be irrelevant. The fact that length appears to have no effect on reach 

kinematics while diameter does implies that specific dimensions relating to size are 

available as visually-mediated object properties for motor control, and that reaching 

behaviour does not simply reflect the overall visual bulk of the target object.

3.4.2 Latency

The latencies between fixation of the object and initiating a reach were very variable. In 

some cases measured latency was actually negative, i.e. reaching began before or just as 

fixation occurred. This suggests a common object-oriented strategy, in line with 

Hofsten’s (1982) view of information-gathering manual behaviour. On video, in these 

cases, the infants appeared to bring arms and eyes together into engagement with the 

peripersonal space. In other trials, latencies were much longer than the adult norm of 

130ms (Robinson, 1987). The high variability and lack of consistency of infant reaches
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suggests that the behaviour must be mediated by a functionally different mechanism to 

the adult form. Latency can be a result of visual processing, motor programming and 

physiological neuromuscular delay. The fact that there is no systematic effect of object 

size is consistent with the suggestion above that there is not yet mature predictive motor 

planning at this age.

3.4.3 Bimanual grasping

The decision to use bimanual reaches also appears to be unrelated to object diameter or 

length, in contrast with Bower’s (1972) finding. For the largest-diameter object, a 

bimanual grasp is only means of picking up the object at this age, yet none of the infants 

consistently anticipated this at the start of their reach. In fact, grasping the larger object 

is a less difficult task once the hands make contact, requiring less precise control of the 

fingers than the smaller object. Yet this lower information processing load does not 

seem to make a difference to the proximal visuomotor control of these reaches, 

supporting the suggestion that at this age proximal and distal mechanisms are not well 

integrated.

In summary, this experiment does not show that visually mediated information about 

object length and diameter is used by these infants in the integration of reach and grasp. 

While in many cases the movements consisted of only one or two velocity components, 

as in the adult reach, this was not the norm, with many reaches consisting of three or 

more components. If visuomotor channels involved in proximal and distal motor 

control were using this information either in a temporally coupled system or in 

hierarchy under a higher-order motor programming mechanism (see Jakobson and
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Goodale, 1991), we would expect bimanual reaching to be a response to objects too 

large to grasp unimanually; better integration of reach and grasp, with little effect of 

object dimensions on the number of velocity segments; and potentially an effect of 

object dimensions on fixation-reach latency, with a longer latency where more precise 

motor control needed to be programmed. These results may be a result of differential 

maturation of the two streams of information passing through the primary visual cortex; 

the infants may be able to discriminate the different sizes of object, but not use that 

information for motor programming. To clarify this point of development, more 

specific tasks must be designed to differentiate which object properties are perceptually 

available to the infant and which are available for visuomotor control.
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4 Chapter Four: Experiment 2 - Preferential reaching

4.1 Introduction

The results of the pilot study described in the previous chapter suggest a number of 

advantageous changes to the experimental design, to aid analysis and to enable the 

investigation of how visually-derived information about objects may affect reaching in 

the first year of life. The common use of preferential looking experiments in visual 

perception suggests that an analogous procedure could be used in reaching:- given a 

choice of two objects, which one does an infant reach for and what effect does 

manipulation of object properties have on any systematic preferences that may be 

exhibited? The preferential looking paradigm is one of the standard tools for 

investigating infant perception and has been refined over many years. Preferential 

reaching, however, is a novel approach to looking at visuomotor behaviour, and is a 

significant improvement over the common approach in which objects are simply placed 

before the infant in the hope that information can be gained from the occurence and 

kinematics of the reaches.

Some visual stimuli elicit reaching behaviour while others do not. Recent 

neuropsychological and physiological studies support the concept of two structurally 

discrete streams for the processing of visual information: the ventral stream, leading 

perception of object properties, and the dorsal stream providing relevant information 

about objects in several different co-ordinate systems which may be used in motor 

behaviour (Goodale et al, 1991; Goodale and Milner, 1992; Jeannerod et al, 1994).
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Developmentally, these streams may mature differentially. Basic psychophysical 

evidence suggests that infants in the age range of this experiment should be able to 

discriminate between objects of different sizes (see section 1.2), a task dependent 

largely on the ventral stream. However, information may not be actually used in the 

dorsal system for motor control until later in development. This experiment is partially 

aimed at clarifying the discriminatory abilities of infants in terms of their responses to 

objects of similar form but varying size.

This study examines the efficacy of different objects for eliciting reaching, using the 

new forced-choice preferential reaching paradigm. The important question addressed is 

whether the infant’s developing visuomotor system can distinguish between objects 

which can be grasped and those which are too large for the hand, and integrate this 

information into the guidance of reaching. If so, there may be a clear preference for 

certain objects over others.

4.2 Method

A new design of apparatus for presenting the target objects was constructed to allow 

more accurate positioning of the objects and a better-defined instant of exposure for 

displaying two objects at a time. This took the form of a ‘puppet theatre’ with a solid 

curtain which could be raised at the start of each trial (see Fig. 4.1.). The objects were 

placed at standard locations behind this curtain, 12cm apart, a separation of 

approximately 20 degrees at infants’ arms length. The infant’s attention could then be
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drawn to towards the objects, and at an appropriate time, the screen was lifted to reveal 

the objects. The entire apparatus was painted neutral grey and similarly coloured 

screens were placed either side of the infant, so as not to attract the infants’ attention 

away from the stimulus objects. Thus, with the screen down, the visual environment 

was quite uninteresting for the subjects, but when the screen rose, the target objects 

became the only high-contrast stimuli and usually this resulted in reaching. The action 

of the screen and the accompanying noise drew the attention of most infants, and for 

many the repetition of the trials became a game, which facilitated the experimental 

process. The opening uncovered by the raising of the screen was 40 cm wide and 30 cm 

high, and the objects were placed 6cm to the left and right of the midline.

Pilot studies with this apparatus showed that most infants, when presented with two 

objects side-by-side, will reach for both simultaneously with their two hands. Thus, to 

create a forced-choice response, it was necessary to encourage the use of one arm. The 

non-reaching hand was lightly restrained by asking the holder (usually the parent) to 

‘cuddle’ the appropriate arm. In most cases the subjects did not struggle against this 

restriction in their freedom of movement. A few infants who became irritable because 

they were not allowed to use both hands together, were excluded from this study. The 

holding adult sat on a swivel chair, the height of which could be adjusted such that the 

target objects were at the infants’ chest height. As necessary, the chair was rotated 

away from the presentation area between trials to maintain the subjects in an attentive 

and co-operative state.



Figure 4.1. - Schematic of experimental apparatus. Cameras: e = ELITE system, v =

video recordings
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4.2.1 Layout

The schematic diagram of the apparatus in Figure 4.1 shows the basic layout of the 

experiment. The two ELITE cameras were positioned above the subject, angled slightly 

toward the targets such that markers on the objects could be tracked even while they 

were inside the ‘theatre’. Two video cameras were used, one mounted centrally above 

the subject, the other giving a frontal view from behind the targets. These two signals 

were combined using a Sony video mixer and recorded as one picture on a U-matic tape 

recorder. Stills taken from this video record can be seen in Figure 4.2. The subject was 

seated centrally, on the lap of the carer at a distance and height which allowed reaching 

to either object without any forward extension of the torso. In practice this meant that 

the height of the chair was adjusted such that the top of the objects was level with the 

infant’s elbows and the distance from the screen to the infant’s chest was about 30cm 

(with some movement during the experiment).

4.2.2 Objects

The objects used in this experiment were the same smooth red plastic cylinders used in 

Experiment 1. Two sizes were used, both 6.0 cm long, with diameters 2.5 and 6.0 cm. 

The smaller object was chosen to be an easy fit in the grasp of the subjects, while the 

larger could not be picked up by most of these infants due to both size relative to the 

hand and to its weight. This was an important factor; children in this age group are 

clearly motivated to pick up objects. The size of the larger object relative to the hand 

means that the child is unable to manipulate it as easily as the smaller cylinder.
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Therefore there may be a difference in the attractiveness of the two targets for reaching. 

For the purpose of clarity when discussing the same objects when used in later 

experiments, these two cylinders will be referred to as medium (M, 2.5cm) and large (L, 

6.0cm)

4.2.3 ELITE set-up

ELITE markers were attached to the ends of the cylinders at the circumference. The 

eccentric location was to allow the ELITE to register the markers on the large object; 

had they been placed at the centre, they would have been too far into the theatre to be 

seen by the ELITE cameras. One marker was placed on the subject’s hand at the first 

knuckle of the thumb. Trial and error has shown that this is the best location for a 

single hand marker in terms of minimising lost frames. Markers were attached using a 

layer of micropore tape on the skin, then double-sided adhesive tape on the base of the 

marker. This provided a firm enough attachment in most cases, although determined 

subjects were still able to remove their markers. The computer which was used to 

trigger the ELITE was connected to a video timer device, which superimposed a time 

code on the video record. The triggering of the ELITE recording sent a signal to this 

device which reset the time code, allowing later synchronisation of the two recording 

media.
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4.2.4 Subjects

Two age groups were used. The older group were aged between 9 and 15 months and 

consisted of 12 individuals. The younger group of 13 subjects were between 6 and 9 

months. All were volunteers from the VDU recruitment programme and were tested in 

a calm and alert state.

4.2.5 Conditions

Both objects were used in both left and right positions, giving four possible stimulus 

configurations, two homogenous and two heterogeneous:

Left Right
M L Heterogeneous
L M Heterogeneous
M M Homogeneous
L L Homogeneous

Each stimulus was presented twice, once using each hand, giving a possible eight 

combinations of hand and stimulus which were presented in random order. Three such 

blocks of eight were attempted giving a maximum of 24 reaches per subject, which is 

near the maximum possible with most infants in a single session.
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Figure 4.2. Typical reaches: Left- the infants reaches contralaterally for the medium 

target in a heterogeneous trial. Right- ipsilateral reach for large target in a L-L pair.
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4.3 Results

For the purpose of clarity, data from left and right object presentation have been 

rearranged as ipsilateral and contralateral relative to the reaching side. There was no 

significant difference between the two hands in terms of the amount of ipsi/contralateral 

reaching (t(24) = -1.03, p=0.3), indicating that latéralisation played no part in these 

results

The reaching preference for both groups showed a strong side bias. There was 

significant tendency to reach for the object on the side of the reaching hand regardless 

of the object configuration (t(24)=7.89, p<0.001). This can be clearly seen in Figure 

4.3; for all stimuli there is more ipsilateral reaching. This side bias was significantly 

reduced when the contralateral target was medium and the ipsilateral large (M-contra 

condition in Fig. 4.3). Subjects reached across the midline more often in this condition 

to grasp the smaller object.
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Figure 4.3. Overall reaching preference (all infants).
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Separate data for the two age groups is shown in Figures 4.4 and 4.5. The ipsilateral 

bias is present in both groups. The effect of object size is only significant in the older 

infants, along with an increase in the proportion of ipsilateral reaching in the M-ipsi 

condition (younger group, t(7) = -1.06 p=0.33; older group t(7)=-2.85, p=0.025. Infants 

who performed only one reach in a given condition have been excluded from the 

statistical analysis). The younger children show no difference in the pattern of reaching 

side for the different object combinations.

This could reflect development of a preference for the smaller object, or a decrease in 

side bias. However, in all but the M-contra condition there is more ipsilateral reaching 

in the older group, reflecting a stronger side-bias. This suggests that it is the size of the 

objects which is driving the contralateral reaching in this case, and that in this older 

group object size does indeed play a role in choice of targets for manual manipulation.
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4.3.1 Kinematic analysis

Younger infants may also exhibit differential responses to the two sizes, if more 

sensitive kinematic measures are used. ELITE records were examined for ipsilateral 

reaches in heterogeneous presentations (see Figure 4.6 and 4.7 for examples). Only 

ipsilateral reaches to heterogeneous stimuli were considered as there were too few 

contralateral examples to attempt to draw systematic conclusions, and homogeneous 

stimuli are less informative of object-based effects. These examples show the velocity 

of the hand in the lateral and forward axes, plotted against time. Peaks in the 

displacement graphs represent a reversal in the motion of the hand in that axis. Peaks in 

velocity represent a transition from acceleration to deceleration, not necessarily a 

reversal in velocity; however, velocity peaks can be reasonably regarded as evidence for 

a corrective segment. In immature reaches there are generally more of these peaks, 

usually reflecting corrections made using visual feedback. As such, they are a relevant 

measure for kinematically characterising the reaches of young infants with reference to 

possible influences of visual information.
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The forward axis revealed no significant differences between objects. However, there 

appears to be an effect of object diameter on the number of segments in the reaching 

trajectory as indicated by velocity peaks in the sideways component of the hand 

movement (see Fig. 4.8). The greater number of segments in reaches to the medium 

target suggests that visual size information is used in motor programming at an earlier 

stage of development than an overt preference can be demonstrated.
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4.4 Discussion

These results clearly show a side bias in the reaching of all these subjects -  on the 

whole they reached much more often on the side of the free hand rather than reaching 

across the midline. This is most clear from the trials in which both of the target objects 

were the same, either large or medium, in which overall there was three times as much 

ipsilateral as contralateral reaching, with no significant difference between the age 

groups. This result may be explained in terms of the highly coupled nature of the hand 

movements of neonates and young infants (Hofsten, 1982); casual observation of the 

subjects reaching with both hands for these object pairs shows very common bi-manual 

reaching, usually using both hands to reach for one object, but also using one hand per 

cylinder. It has been suggested that early development of motor control involves the 

development of cortical dominance over reflex movements, and clearly the coupling of 

early hand movements is reflexive. In this case, one explanation for the side bias is that 

the subjects are not actually intending to reach with one hand at all, but rather that the 

sequence of neural events which leads to the motor commands which move the arm all 

take place with the intention of bi-manual activity. Some subjects could not be 

persuaded to take part in the experiment using only one hand. These infants tried very 

hard to use both hands and to avoid distressing them they were excluded from the study. 

Some of the included subjects also tried to use the restrained arm, but remained co

operative. Thus it may be that in fact both arms are included in the motor strategy that 

some of these infants are using for their reaching, and it is only the restraint which 

prevents them from using both hands.
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However, this cannot be the case for all their reaching. In many cases the infants were 

not struggling, but there was still a tendency to reach ipsilaterally. Another explanation 

is that they minimise their biomechanical effort and reach for the easiest object to grasp. 

Attempts were made to control for this factor by positioning the shoulder of the infant 

on the line midway between the two objects, but given the way in which most infants 

are dressed, there still appeared to be more effort involved in reaching across the 

midline.

Finally, the ipsilateral reaching bias may reflect immaturity of the connections between 

the hemispheres. The use of visual input from the right visual field to control a 

movement of the right hand in the right half of peripersonal space (i.e. an ipsilateral 

reach) does not rely on information crossing from one hemisphere to the other. 

However, in the contralateral response, visual information must cross the corpus 

callosum. Immaturity of this pathway (see Witelson and Kigar, 1988 for review) may 

explain the bias toward ipsilateral responses.

Regardless of the reason for this, there is clearly a bias of approximately 75% toward 

reaching ipsilaterally, and this bias must be taken into account when considering the 

effect of stimulus type on the choice and kinematic form of reaching.

Given this bias, there does appear to be a preference in the older age group for the 

smaller of the two objects used in this experiment, resulting in a significant increase in 

ipsilateral reaching in the trials where the small object is ipsilateral, and a converse 

increase in contralateral reaching when the medium object is contralateral. Clearly, this
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preference is not strong enough to completely counteract the side-bias, and in all 

conditions there is on average still more ipsilateral reaching than contralateral. 

Nevertheless, the preference is observed and appears to be related to the ability of the 

infant to grasp the object; the larger object is too large to grasp and therefore is less 

attractive to the infant as a target for reaching. The implication of this observation is 

that infants aged 9 to 15 months are able to use visual processing to judge the size of 

objects and use this information in a rational manner in the selection of targets for 

object manipulation. What appears at first to be an indiscriminate and somewhat 

immature reaching response to an object placed within reach is in fact subject to a 

degree of visuocognitive processing which takes into account the size of the object and 

(probably) the ability of the child to grasp it.

The data from the younger infants lead to further speculation as to how this visual 

information may become used to choose an object for grasping. These children do not 

show any overt preferences for either object, and instead reach consistently for the 

ipsilateral object. It is only in the kinematic analysis of their reaching movements that 

any stimulus-dependant differences are apparent, and at this age they appear to be at a 

transitional stage in the development from reflexive ipsilateral reaches to cortically 

mediated directed  reaching and grasping. The integration of visual size measures into 

motor behaviour is apparent in the number of sideways reversals in the velocity of the 

hand as it moves forward towards the target. When reaching ipsilaterally for the 

medium object there are more of these reversals than when reaching for the large target. 

These are most likely to be corrections made to the trajectory, reflecting the greater 

precision required or reaches to the smaller object.
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The lateral reversals may also reflect a conflict between an early bi-manual system 

which is highly effective at acquiring objects regardless of size and unselectively, and a 

more mature system which is capable of using visual measures to select targets 

appropriately from the peri-personal visual array. The early system would then be 

responsible for the ipsilateral side-biased reach and the later system would be causing 

deviations in the forward trajectory of the transport movement. Deviations caused by 

competing response tendencies are rarely completely absent even in adult reaching, as 

has been shown recently in the work on distractors in reaching by Tipper and colleagues 

(1992). Tipper et al have shown that in many cases the presence of a distracting object 

can cause a lateral deviation in the reaching trajectory for a similar target, either toward 

or away from the distractor depending on the precise configuration
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5 Chapter Five: Experiment 3 - Preferential reaching 

with 3 object sizes

5.1 Introduction

In the previous experiment it became clear that the largest influence on the choice of 

reaching target in infants aged 6 to 15 months is quite simply which hand is reaching; 

around 80% of all one-handed reaches were ipsilateral. However, even in the youngest 

of these subjects it was also clear that the size of the objects being reached for also 

played a part in determining the motor activity of the infants. The objects in the 

previous experiment were only of two sizes, one which was chosen to fit very well in 

the infants’ hands, and one which was impossible to pick up with one hand for most of 

the subjects. This experiment was designed to further investigate the role of object size 

by introducing a third size of target, a much narrower one which would be fit well in the 

infants hand but be more difficult to accurately pick up, requiring more of a precision 

grip if it was not to be knocked over. The relative preferences of the subjects for these 

objects should inform us whether or not the visually-derived size measure is being 

related to the size of their hands by developing infants and to their ability to perform 

precise movements. It may be that there is always a preference for the smaller of two 

objects and an avoidance of larger ones; or there may be an optimum size which 

stimulates reaching. If this latter case is true, it is to be expected that the most preferred 

object would be the medium-size, and this would suggest that even immature reaching 

is coupled to known limits of performance.
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As the previous experiment showed conclusively that in identical-pair presentations 

there was a straightforward side bias, it was decided that these homogeneous pairings 

would not be repeated, allowing more trials to be completed with the more interesting 

heterogeneous stimuli. Also, since the hand used for reaching did not have any 

significant effect on the results, this factor was ignored in this experiment. In other 

respects, the method is very similar to Experiment 2.

5.2 M ethod

The apparatus for this experiment was the same ‘puppet theatre’ used previously, and 

the arrangement of stimuli and recording systems was identical. The major difference 

was in the objects used and the design of the presentation protocol. Red plastic 

cylinders of diameters 1.0cm, 2.5cm and 6.0cm were used, all 6.0cm long. These will 

be referred to as small, medium and large (S,M and L) for the purpose of this report. 

The objects were presented in pairs exactly as in experiment 2, but there were no like 

pairings (i.e SS, MM and LL were not used). Thus six possible stimuli were used, as 

follows: (left-right, from infant’s point of view) L-M, M-L, S-M, M-S, S-L, L-S. These 

were presented in randomized order in blocks of six. A maximum of four blocks were 

presented to each child, totalling 24 presentations. As before, the actual number of 

completed trials depended on the compliance of the infants, and in some cases not all 

trials were completed. Infants who performed less than 12 trials were excluded.
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Only one hand was used by each subject for the whole experiment. The reaching arm 

was chosen by repeatedly holding toys out to the infant to take. A preference was often 

seen after several repetitions, and the preferred hand was used. In cases where there 

was no preference, the right hand was used. ELITE markers were affixed as before, on 

the back of the hand at the base of the thumb The non-reaching hand was restrained by 

the holder as before, by cuddling the infant firmly.

Subjects were 15 males and 15 females aged 6 to 13.5 months, median age 9.8 months. 

They attended the Visual Development Unit as volunteers with a parent or other carer, 

who was asked to participate in the study by holding the subject on their lap. All testing 

was done with the child in a state of alertness. Before taking part in the experiment they 

were screened according to their ability to hold the largest object in the reaching hand. 

The few who could do so were excluded from the study.

5.3 Results

The subjects completed on average 21 trials, with most completing the entire series of 

24. The total number of reaches by all subjects was 622, of which 418 were ipsilateral

to the reaching hand and 204 were contralateral. Considered as two age-groups (6 to 

9.8 months and 9.8 to 13.5 months) these data break down as follows:
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GROUP Contralateral reaches Ipsilateral reaches
Young 96 233
Old 108 185

Figs 5.1 shows the percentages by stimulus-configuration of ipsilateral and contralateral 

reaches, and figs 5.2 and 5.3 show the same data for the two different age groups. The 

pattern is the same for both groups and can be summarised as follows: in response to 

stimuli where the contralateral object is the large one (L-M and L-S), there is very little 

contralateral reaching; when the ipsilateral object is large (M-L and S-L), there is 

actually more contralateral reaching in avoidance of the not-graspable objects. The 

comparison of the small and medium objects (stimuli S-M and M-S) shows a slight 

preference for the smaller, as seen by the greater incidence of contralateral reaching 

when the small cylinder is contralateral. This latter observation only holds true for the 

younger infants -  the older subjects do not show a preference between these objects. 

These data are summarised in table 5.1 as the percentages of contralateral reaches for 

the different stimuli (n.b. percent contralateral + percent ipsilateral = 100%; there are no 

incomplete trials in the analysis).

Subjects LM ML LS SL MS SM
All 12 62 9 60 17 35
6-9 m onths 7 66 0 64 4 34
9-13 m onths 17 58 20 56 33 36

Table 5.1. Percentage of contralateral reaches by stimulus

For the purpose of statistical analysis, the data were transformed using the arcsine 

transform procedure (see Howell 1992). This was necessary because in the raw state.
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the data do not fulfil the criteria for analysis of variance, as the results are in expressed 

in percentages and as such could never form a normal distribution. The arcsine 

transform has the effect of spreading the ends of the distribution, fitting it to a normal 

profile. A repeated measures ANOVAR (see table 5.2) showed the main effect of 

object size was significant at p<0.001 [F(5,145) = 20.89], and unplanned pairwise 

comparisons using the Tukey critical difference (see Kinnear and Gray, 1994) gave 

significant differences between LM and ML pairs and between LS and SL pairs but not 

the MS/SM pairs. There is significantly more contralateral reaching when L is 

ipsilateral, suggesting a preference for M or S over L. No significant difference was 

observed between the SM/MS pairs, suggesting no overall preference for either of these 

over the other.

Source Sum of Squares df Mean Square F Sig.
Object array 76.53 5 15.31 20.89 <0.001
Error 106.22 145 0.73

Table 5.2. ANOVAR results for all subjects. Object array effect compares proportion 

of contralateral reaches across 6 combinations.
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When the age groups are considered separately, this analysis gives almost exactly the 

same results. For the young (6-9,8months) group, the main effect of target size is 

significant [F(5,55)=17.12, p<0.001] and in the pairwise comparisons the differences 

between the arc-sin transformed means exceed the critical difference (0.85) for the 

LS:SL (difference of means = 1.93) and LM:ML (1.52) pairs, but not for the SM:MS 

pairs (0.76). However note that the SM:MS pairs are nearly significant, and there may 

in fact be an effect here. This will be examined in more depth using the kinematic 

analysis.

Source Sum of S quares df Mean Square F Sig.
Object array 43.70 5 8.74 17.12 p<0.001
Error 28.07 55 0.51

Table 5.3. ANOVAR results for subjects below 9&nonths. Object array effect 

compares proportion of contralateral reaches across 6 combinations.

For the older group (>9 months), the effect of target is significant [F(5,85)=8.34, 

p<0.001] and the pairwise comparisons are similar. The critical difference is 0.89 and 

the observed differences are: L S :S L - 1.31 (significant), L M :M L - 1.39 (significant) 

and SM:MS -  0.25 (not significant).

Source Sum of Squares df Mean Square F Sig.
Object array 36.52 5 7.30 8.34 p<0.001
Error 74.462 85 0.88

Table 5.4. ANOVAR results for subjects 9«nonths and older. Object array effect 

compares proportion of contralateral reaches across 6 combinations.
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Figure 5.2. Percentage of reaches which were ipsilateral and contralateral for all 

combinations of objects. Data for subjects aged 6 to 9.«months, reaching with preferred 

hand, but rearranged as relative to right hand (e.g. a contralateral reach to LM means L

is grasped).
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To summarise these results, the overall preference appears to be equally for the small 

and medium stimuli over the large one. There may be a preference for the small over 

the medium object in the younger infants, but this is not a statistically significant result 

in terms of overt choice. There follows a kinematic investigation into this possibility.

5.3.1 Kinematic analysis

As the results for the M:L and S:L pairings are clear, as are the S:M pairs in the older 

subjects, only the S:M presentations in the younger group are considered here. From an 

original 71 trials there were 39 usable ELITE records after data elaboration and 

exclusion of records which could not be used due to missing markers or other data 

problems. The 39 useful records were used to plot graphs of the forward displacement 

of the hand and the velocity of the hand in the forward and lateral axes. Figure 5.4 

illustrates an example graph. The graphs were analysed manually to retrieve the 

following measures: duration of reach, number of forward velocity segments, maximum 

forward velocity, number of lateral velocity segments, and maximum lateral velocity. It 

is important to note at this point that these graphs were very variable, much more than 

they would have been had they been taken from adult reaching, and as such any 

meaningful comparison requires that such measures are extracted systematically, based 

on an observer’s judgement of the temporal boundaries of a reach. This judgement is 

made by considering the forward displacement of the hand marker relative to the 

constant position of the targets, as well as the particular arrangement of velocity peaks 

in the graph.
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Figure 5.4. An example of the kinematic output of the ELITE for this experiment. The 

‘step’ in the pink object trace illustrates the zero value returned by the system when a

marker becomes obscured.
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The data that would be extracted from this figure depends on the observation that the 

reach begins at t = 0.5s and ends with the displacement of the target (pink line). This 

gives a duration of 0.5s, a peak forward displacement of 280mm/s, 1 forward velocity 

segment, peak lateral velocity of -300mm/s and 1 lateral velocity segment. This is one 

of the more simple examples, and most consisted of more velocity segments in both 

axes. The results are summarised in table 5.6:

MS MS SM SM
Response (N) Ipsi

(2)
Contra
(19)

Ipsi
(14)

Contra
(4)

Mean Duration 0.95 1.13 1.11 1.3
Mean N segments 
(forward)

1.5 2.10 2.07 2

Mean peak velocity 
(forward)

70 175.8 236.4 205

Mean N segments 
(lateral)

2 3 3.1 3

Mean peak velocity 
(lateral)

177.5 190.8 208.2 251.2

Table 5.6 - Results of kinematic analysis

The remaining data after discarding poor records include very few cases of reaches for 

the small object. As such, the valid comparison to make is between contralateral and 

ipsilateral reaches to the medium object (the middle two columns in table 5.6). There is 

no difference in the number of velocity segment in either axis, but there is a higher peak 

velocity for ipsilateral reaches in both. Neither of these differences is significant, but 

particular attention will be given to peak velocity as a measure in future experiments.
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5.4 Discussion

These results clearly show that these subjects exhibited a very strong preference for the 

two smaller targets over the larger one. The obvious factor which discriminates against 

the large cylinder in reaching terms is that it was physically impossible for these 

subjects to pick it up with one hand (subjects who could actually grasp it were excluded 

from the study). The very marked avoidance of this target is much more apparent in 

this experiment than in the previous one, in which there were less trials in which object 

choice was possible. It appears then that even in the youngest infants, the visuomotor 

system selects out objects which are inappropriate for grasping and reduces fruitless 

reaches for targets which cannot be obtained.

The results for the comparison of the small and medium target are less clear. The older 

infants appear to have no preference for either of these over the other, but the younger 

infants show a large (though non-significant) increase in contralateral reaching in these 

pairs when the small object is contralateral. In other words, they exhibit a preference 

for the smaller object. This is somewhat puzzling, as the smaller object is clearly more 

difficult to grasp, especially for these younger children. It appears that selection of 

reaching targets may be governed at this age by a kind of ‘low pass’ filter, reducing 

attempts at reaching for too large an object but not differentiating in a useful way 

between object which pass that filter. Clearly, the visuomotor system differentiates 

between these two objects, as there is a preference, but it is later in development that it 

capable of preventing a preference for more difficult objects. At this immature stage the 

preference appears to be for “the smaller of two objects” and as a strategy for successful
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prehension it is logically effective and relies on very little visual information. No exact 

size metrics are necessary for such a strategy, instead only an estimate of relative size is 

used to select the target, leaving more processing resources free for planning and 

executing motor control. The use of conservative strategies in visuomotor behaviour 

has been observed in adults in experiments where the information availability was 

degraded. Jacobsen & Goodale (1991) showed that if the ambient lighting was removed 

in the process of a reach, adults will compensate by over-opening their hands such that 

grip-aperture scaling is still preserved, but amplified to provide a greater margin of 

error. Hofsten and Ronnqvist (1988) also observed simpler strategies used by infants in 

a study of the kinematics of grip formation; they observed whole hand grasping in 

younger infants (5-6 months), with more precise pincer grips in older children (9-13 

months). Thus the preference here for the smallest object may reflect a general strategy 

for maximising the possibility of a successful grasp.

The observation that older infants prefer the medium sized object is unsurprising given 

other results which show that infants in this age range use much more visual 

information to guide their reaching and grasping, (see for example Hofsten and 

Ronqvist, 1988). The small object is difficult to pick up for many of these subjects, 

being narrow and unstable, and requiring a more precise grip. In the constrained 

unimanual circumstance of this experiment it is more effective to reach for the more 

stable medium object, even given the more mature control available to this group of 

subjects.
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The kinematic analysis of this data revealed no significant information additional to the 

behavioural measures. The nature of kinematic recordings of infant movements is such 

that variability reduced the usefulness of the measure in this experiment. However, the 

kinematic recordings did suggest that peak velocity may be an important indicator of 

developmental changes. This may be understandable in terms of the ballistic 

movements of younger infants. Other studies have found that more conservative or less 

sophisticated strategies may be used under difficult conditions (Jacobsen and Goodale, 

1991; Atkinson et al, 1994) and this may also be the case here.

122



6 Chapter Six: Experiment 4 - Preferential looking for 

rendered objects

6.1 Introduction

In the previous experiments, reaching preference was used as an indicator of the visual 

information which is used in the control of object grasping behaviour, which is posited 

as being largely dependent on dorsal stream cortical processing. The stream of visual 

information used in the control of eye movements is anatomically different, and this 

experiment investigates the looking preferences of infants when presented with images 

of the same objects used in the reaching experiments.

6.1.1 Proposed neural substrate for eye-movement control

The visual control of saccadic eye movements appears to be largely mediated by retinal 

projections to the superior colliculus. This pathway is phylogenetically older, and in 

lower vertebrates such as birds and reptiles, in which the analogous structure is called 

the optic tectum, is the largest pathway from the retina. Hess et al (1946) described the 

visual orienting behaviour mediated by the superior colliculus as a visual grasp reflex, a 

fast movement which brings a target in the periphery of vision into the foveal region for 

closer visual inspection. These movements may be solely eye-movements but may 

involve the head or even the whole body, and stimulation of the region produces 

movements which resemble visual orienting movements (Dean et al 1989). Milner and 

Goodale (1995) suggest that such movements should not be considered as simply visual 

orienting behaviour, since they can be observed even in animals with no foveal
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concentration of ganglion cells. In such animals they propose that rather than a visual 

grasp, the retino-tectal pathway is mediating movements which are precursors to an 

actual grasp. Observations during the present experiments support this proposal; human 

infants grasp almost reflexively for objects of appropriate size presented within reach, 

and this action is usually preceded by a ‘visual grasp.’

The role of the superior colliculus in humans has been discussed in relation to studies of 

‘blindsight,’ or non-cortical vision, first described by Sanders et al (1974), a term which 

refers to non-conscious visual capacities in parts of the visual field which are cortically 

blind. Such capacities include pupillary response to light intensity, motion and spatial 

frequency (Weiskrantz, 1990), stimulus detection (Marcel ,1993; Zihl & Von Cramon, 

1980), and the guidance of actions in the hemianopic field (for review, see Weiskrantz, 

1986). Early studies of blindsight attributed such residual vision exclusively to 

collicular projections (e.g. Weiskrantz et al, 1974), but more recently, projections from 

the superior colliculus to dorsal stream areas of the cortex via the pulvinar have been 

described (Boussaoud et al, 1992), as well as connections from parietal dorsal stream 

area LIP to the frontal eye fields (Bruce & Goldberg 1984). Also, there are descending 

connections from both these areas to the superior colliculus, suggesting that the dorsal 

stream plays a part in controlling the phylogenetically older mechanisms for controlling 

eye movements (see Schiller’s (1985) model). Indeed, developmentally speaking, it has 

been suggested that eye movements before 2 to 3 months may be based largely on the 

collicular system (see Hainline, 1993).

124



Thus eye movements in response to visual stimuli appear to be partially mediated by 

dorsal visual processing, but with a different anatomical basis to the dorsal involvement 

in motor control. This experiment aims to examine whether the visual information 

driving reaching and grasping is used in the same way in the control of looking 

behaviour, i.e. given the same visual stimuli, do infants in this age group look in the 

same way as they reach?

6.2 M ethod

During the reaching experiments, attempts were made to measure eye movements both 

directly and via a camera mounted behind the stimulus objects. Both of these methods 

were impractical due to the constant head movements of the subjects; preferential 

looking (PL) in infants is generally done using a fixation stimulus to stabilise the gaze 

between stimulus presentations, providing a much more easily observable saccade. 

Thus, while it would clearly be preferable to look at the eye movements before and 

during reaching, it was decided to remove the reaching component from the experiment 

and use equivalent stimuli in a more traditional PL set-up on a computer monitor. This 

also has the advantage of providing a clear onset of the stimulus relative to the central 

fixation. The approach of using images of objects to investigate object-based responses 

has been used in neonates (Rader and Stem, 1982), so it was considered an acceptable 

work-around to the problems of using real objects mentioned above.
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Images were created using a ray-tracing computer package called POV-Ray. This 

program uses scripts to define a scene in which objects, surfaces and illumination 

sources can be accurately positioned relative to a given point of view. By specifying the 

monitor dimensions, the actual sizes of the objects used and the viewing position of the 

reaching subjects, the images created are a geometrically accurate rendering of the 

scene in the reaching experiments. Surface textures can be manipulated in the program 

and simulated light sources can be positioned to provide an almost photo-realistic scene, 

but with more geometric control than could be achieved using photography (see fig 6.1). 

The objects simulated were, as before, red plastic cylinders of equal length (6 cm) and 

three diameters: large, L (6 cm), medium, M (2.5 cm) and small, S (1 cm). They were 

presented as heterogeneous pairs, i.e. the left object was never the same as the right, 

giving 6 stimulus images:

Left Object Right Object
L S
L M
M S
M L
S M
S L
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Figure 6.1 - Medium and small objects rendered for this experiment. Note photo

realistic surface reflectance and shadows, achieved using ray-tracing techniques (see 

text).
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Figure 6.1 is an example of a stimulus image from this experiment. For experimental 

presentation a program was written in Microsoft Visual Basic, which is a language for 

creating Windows-based applications. This allowed the experiment to be run from a 

normal desktop PC and the data to be directly recorded in an ACCESS database along 

with subject-specific information. The program was driven using the computer's mouse 

pointer as a button-box. After entering subject information, a fixation stimulus was 

displayed in the centre of the screen; this consisted of a red and a green circle in a 

'traffic-light' arrangement, the colours of which swapped-over every 500ms. Pilot 

studies proved this to be a compelling stimulus for infants in the age range of this 

experiment. The fixation stimulus was displayed between trials and each presentation 

was only triggered by the experimenter when the subject was attending to the stimulus.

The use of a fixation stimulus raised the issue of the precise positioning of the objects; 

in the reaching experiments there was no constant fixation point and a degree of head 

and eye movement between trials, but this experiment called for more accurate 

positioning of the stimuli. To this end two groups of stimuli were created: 'centred' 

stimuli, in which the central axes of the cylinders lay on points equidistant (5cm) from 

the midline, and 'inner-aligned' stimuli in which the inner edges of the cylinders were 

equidistant (6.5cm from the midline). The distances were chosen to allow maximum 

separation of the objects, giving the largest possible eye movement. Viewing distance 

was 25 cm, giving angular separations from the fixation point to the inside edges of 

14.6 degrees for all the inner-aligned stimuli, and 13.5, 16 and 18 degrees respectively 

for the small, medium and large centred cylinders.
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The experimental apparatus consisted of a 15-inch monitor for stimulus presentation, 

and a video camera mounted above the display connected to a monochrome monitor for 

observing eye movements. Grey curtains surrounded the subjects on either side, and the 

monitor was bordered with grey card with a hole cut for the camera lens in order to 

minimise external distractors The experimenter observed the subjects’ eye movements 

on the video monitor and was blind to the stimuli. The mouse buttons were used to 

record the side of the first re-fixation and a judgement of overall preference throughout 

the period of attention in each trial.

6.2.1 Procedure.

Each subject was given 24 presentations, two blocks of 12 of each of the two types of 

stimulus, with the order alternated across subjects (i.e. centred first or inner-aligned 

first). Each block of 12 consisted of each stimulus presented twice in random order, the 

order being generated by the presentation program. The number of presentations was 

chosen after pilot trials as the maximum number which children in the age range would 

consistently tolerate. For each trial two measures were recorded, the direction of the 

first look and the experimenter’s judgement of overall preference after looking at the 

objects ceased. The second measure was defined by the experimenter’s judgement of 

preference over a trial, up to the point the subject looked away from the screen

6.2.2 Subjects.

Subjects were 10 normal infants aged 6.5 to 10.5 months. They took part in the 

experiment in a state of alertness and any subjects who were upset by the procedure or 

not in an alert condition were rejected.
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6.3 Results

Since the two types of stimulus ( ‘inner-aligned’ and ‘centred’) were identical apart from 

the small difference in the retinal eccentricity of their inner edges, the data were 

considered for both types together as well as treating retinal location as an independent 

variable. Stimuli are coded as a two letter string where the first letter refers to the left 

object (e.g. ‘LM ’ means large cylinder on the left, medium on the right). Measures of 

total looking times were found to add nothing to the first fixation data, as in most trials 

the subjects looked once to one side and then looked away. Results are expressed as the 

percentage of first looks to the right (chosen arbitrarily to collapse the data). Figure 6.2 

shows the means plotted for each stimulus.

Clearly, there are three pairings of object which can be presented each with the larger 

either on the right or on the left. These pairs were compared statistically and no 

significant differences were found in the tendency to look towards the larger or smaller 

in any of the three pairings. However, it must be remembered that these data are for 

both types of stimulus analysed together. There follow separate analyses for the inner- 

aligned and the centred stimuli.

Figures 6.3 and 6.4 show the means compared graphically for inner-aligned and centred 

stimuli respectively.

130



70

60 -

50 -

40 -

■§ 30 H
0

1
i l  20 H

10 -

M U LM SL/LS

Stimuli

■ ■  R larger 
R smaller

SM /M S

Fig 6.2 - Means of the percentage of rightward first looks by stimulus, all data

combined (ML/LM etc refer to pairs o f  stimulus images, where S,M and L refer to cylinder diameter).

131



R larger
R sm aller

ro 20

MULM SL7LS SM/MS

Fig 6.3 - means of the percentage of rightward first looks by stimulus - inner aligned

stimuli

1 3 2



R larger
R sm alle r

^  30

ML/LM SL/LS SM/MS

Fig 6.4 - means of the percentage of rightward first looks by stimulus - centre aligned

stimuli

1 3 3



It appears that for the inner-aligned objects there is a preference for Medium over 

Large, for Small over Large, and for Medium over Small, suggesting the overall 

descending order of preference is M, S, L. However, it is only in the case of the 

ML/LM pairing that this result is significant (t(10) = 2.4, p = 0.01).

For the centred objects there is a different tendency, which is to look first toward the 

larger object of a pair. This is the case for all pairs as can be seen in Fig 6.4, but again 

is only significant for one of the pairs (SL/LS; t(10) = 1.9, p = 0.04).

6.4 Discussion

The first clear conclusion which can be drawn from these results is that the positioning 

of the stimuli relative to the fixation point has a definite effect on the looking behaviour. 

A different looking response was observed due to only a very slight change in the 

position of the objects. The tendency to look at the largest object in the centred- 

cylinders displays may reflect the fact that in these presentations, the inner edge of the 

larger object was nearer to the fixation point. Thus when the objects appeared the 

looking may have been simply toward the stimulus which was closest to the fixation 

point. The two objects in these displays could be seen as competing for attention and it 

appears that the closer generally wins. As such, in these cases, the actual properties of 

the targets have no control over looking behaviour. Determination of looking by 

eccentricity alone could result from very simple visual processing, well within the 

capacity of subcortical systems acting without any need for modualtion by the dorsal 

cortical stream.
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Conversely, the inner-aligned displays produce very different looking behaviour which 

may indeed reflect higher-order processing of the peripheral visual field. The tendency 

here is to look at the medium sized cylinder in the two pairings in which it is present, 

and toward the small cylinder in the SL/LS pairs; i.e. in no case is there a preference for 

the large cylinder. In these displays, unlike the previously discussed centred stimuli, 

there is no difference between the cylinders in terms of the distance of their edges to the 

fixation point; the only remaining differences are the size of the high-contrast patch of 

red on the retina, reflecting the size of the object, and the peripheral extent of this patch, 

also size dependent. Thus it would appear that these results reflect some form of object- 

related processing which guides looking. The results for these stimuli are similar to 

those found in the reaching experiments, where an overall preference for the medium 

and small cylinders and a general aversion to the large cylinder was also found. In the 

case of reaching this was seen as object-based processing driving reaching preference 

such that objects which were too big for the hand were not reached for at the expense of 

those which could be grasped. This experiment appears to support Milner and 

Goodale’s (1995) suggestion that looking behaviour should be seen in the larger context 

of object-oriented action; the first looks of these infants were towards objects which 

could be grasped rather than those which could not, had those been real objects rather 

than pictures on a video monitor.

The fact that these are rendered scenes raises another point. The depth information in 

the images is limited to a few pictorial cues, with no depth or parallax cues. If there 

were no depth information at all in the pictures, i.e. no shading or three-dimensional 

representations of perspective, but simply red rectangular patches on the screen, would
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the results be the same? In such a display it appears probable that the subjects would 

look first at the largest patch, since this would be more salient in terms of eliciting more 

activation of low-level visual mechanisms. The results are consistent with significant 

processing of peripheral pictorial depth cues involved in this looking behaviour.

Clearly at would be interesting to replicate the experiment with stimuli containing no 

pictorial depth information such as shading or geometrical representations of solidity.
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7 Chapter Seven: Experiment 5 - Comparing reaching 

with looking preference

7.1 Introduction

The previous two experiments examined separately the looking and reaching 

preferences of infants for a particular set of cylindrical stimuli. As they were separate 

experiments performed at different times, they involved two different groups of 

subjects, and given the variability between subjects, only very general comparisons can 

be made between them. In this experiment, the looking and reaching behaviour of a 

single group of subjects is examined to allow more comparison and confirm the findings 

of the previous experiments. There follows a summary of the findings of these previous 

studies.

In Experiments 2 and 3, all subjects showed a strong bias to reaching on the ipsilateral 

side of the body relative to the reaching arm. Taking this bias into account, preferences 

for specific objects were expressed in terms of relative proportions of contralateral 

reaching. The results clearly showed a preference for the small over the large cylinder, 

the latter being too large to be picked up by the subjects. In addition, the younger 

subjects (6 to 9 months) discriminated between the smallest and the medium cylinder, 

suggesting a “smaller of two” preference rather than a tuned preference to an optimum 

intermediate object. The older (9 to 13 months) children did not show any bias between 

the two smaller objects.
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In experiment 4 the looking behaviour of infants age 6.5 to 10.5 months was measured 

to rendered images of the same objects. In trials where the position of the stimuli were 

corrected for foveal proximity, there was a preference for the medium object over both 

the small and large, and for the small over the large. This suggest that looking 

behaviour is differently tuned from reaching in the younger subjects; they look most at 

the target which is observably easier to reach for, requiring less precise distal control, 

yet they reach for the smaller object of two even if it is more difficult to grasp. This 

could reflect separate parallel development of the object-oriented characteristics for the 

dorsal visual system, with the reaching module lagging behind the visual target 

acquisition and forcing more conservative, less precisely-tuned strategies during this 

period of visuomotor development.

This experiment is largely an attempt to replicate and confirm these results by 

comparing the looking and reaching behaviour of the same infants.

7.2 Method

The methodological details are identical to Experiments 3 and 4 and so are not repeated 

here. Here, only brief descriptions and deviations from the original designs are given. 

Attempts during Experiment 3 to monitor looking behaviour using a video camera 

mounted behind the target objects proved this method to be unworkable due to 

movement of subjects and the lack of a stable fixation point. For this reason, looking 

and reaching were tested separately, but for all subjects, both procedures were 

completed during the same session, and the order of the tasks was counterbalanced.
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7.2.1 Apparatus

7.2.1.1 Reaching

The only difference from the previous reaching experiment was the removal of the 

frontal-view video camera. This was redundant and was removed to avoid possible 

distractor effects. In other respects the set-up was identical. The objects used were the 

same three cylinders (6cm long, lengths 1, 2.5 and 6cm). The ELITE cameras were 

mounted overhead, as was a video camera. ELITE markers were attached to the 

reaching hand at the base of the thumb. The stimuli were presented in the ‘object- 

theatre’ used in all the previous experiments, according to the same protocol as before.

7.2.1.2 Looking

As the physical objects were to be presented in the object theatre, this could not be used 

for the preferential looking part of the study. New apparatus was constructed around 

the same display monitor as was used in the previous looking experiment, designed to 

give the same visual environment as before. The monitor was surrounded with grey 

card and, grey curtains were mounted either side of the display to reduce visual 

distractors. Stimuli were presented on the monitor using a Pentium PC and a Visual 

Basic program as before, using the computer’s mouse both to trigger presentations and 

to record responses. This apparatus could not be located in the same testing room as the 

reaching set-up due to lack of space, so another room with adjustable lighting and blinds 

was chosen to control carefully for these factors.
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7.2.2 Subjects

The subjects were 30 normal infants aged between 5 and 11 months. They were 

selected to fall into two equally-sized groups of (a) 5 up to 8 months and (b) greater 

than 8 to 11 months. These age ranges are slightly younger than in the previous 

experiments. As with all these studies, subjects were only tested if in an alert state and 

procedures were paused or abandoned altogether if there was any visible distress in the 

infants. As before, in the reaching experiment, subjects were chosen who could not lift 

up the larger object uni-manually.

7.2.3 Procedure

The order of the two tests was counterbalanced within the age groups -  children were 

alternately given one or the other test first. In some cases it was necessary to allow the 

children rest time either during or between the experimental activities. In all other 

respects the procedures of the individual testing were the same as is described in 

previous chapters. In the reaching experiment, incomplete trials (i.e. those which did 

not result in contact with an object) were repeated until a successful reach was made.

7.3 Results

The individual results of the two experiments will be presented separately, and then as a 

combined analysis.

140



7.3.1 Reaching

The subjects completed on average 22.6 trials, with most completing the entire series of 

24. The total number of reaches by all subjects was 565, of which 348 were ipsilateral 

to the reaching hand and 217 were contralateral, confirming the ipsilateral bias found in 

previous studies. Broken down across the two age groups these data are as follows:

GROUP Contralateral reaches Ipsilateral reaches
>5 to <8m 127 179

>8 to <11m 90 169

Figures 7.1, 7.2 and 7.3 show this data as a percentage of contralateral reaches made for 

each stimulus type. Ipsilateral reaches have been omitted in the latter two figures to 

clarify the graphs -  as there were no ‘non-reaches’ allowed in the testing phase, the 

percentages of ipsi- and contralateral reaches sum to 100%
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The results support the findings of experiment 3; there is a consistent pattern of reaching 

preference for smaller objects, visible as a greater proportion of contralateral reaching 

when a smaller object is on the contralateral side. An ANOVAR analysis of the data, 

normalised as before using the arcsine transform detailed in Howell (1982) reveals an 

overall significant effect for target configuration in the subjects taken as a whole 

(F[5,105] = 4.61, p = 0.001), and for the age groups separately (younger group F[5,50]

= 2.64, p = 0.034; older group F[5,50] = 2.60, p = 0.036) (summarised in table 7.0). A 

pairwise comparison using Tukey’s critical difference is shown in Table 7.1.

Source Sum of 
Squares

df Mean Square F Sig.

All Subjects Object array 12.43 5 2.49 4.61 p<0.001
Error 56.57 105 0.54

Younger Object array 5.30 5 1.06 2.64 p=0.033
group

Error 20.05 50 0.40

Older group Object array 9.01 5 1.80 2.60 p=0.036
Error 34.63 50 0.69

Table 7.0. ANOVAR results. Object array effect compares proportion of contralateral

reaches across 6 combinations.
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Subjects LM/ML LS/SL MS/SM
All
Critical diference 0 .6 5 0 .6 5 0 .6 5
Observed diference 0.84 0.54 0.33
5-8 m onths
Critical diference 0 .8 1 0 .8 1 0 .8 1
Observed diference 0.90 0.19 0.29
8-11 m onths
Critical diference 1 .0 5 1 .0 5 1 .0 5
Observed diference 0.76 0.90 0.38

Table 7 .1 - Pairwise comparisons of the means by age group and by target. Significant 

results (where the observed difference is greater than the critical difference) are shown

in bold type.

The pairwise comparison shows that in fact only the effect for the LM:ML object pairs 

is significant, and that this significance is only present in the younger group. However, 

these results show the same form as in the previous experiment, and the data for the 

older children for LM/ML and LS/SL pairs is nearly significant. This difference may 

result from the slightly smaller sample in this experiment, or from the alteration in the 

age ranges.

7.3.2 Kinematic analysis

The total number of ELITE records was 409 (156 were unusable due to missing or ghost 

markers or other recording problems). These were processed automatically and plotted 

as graphs showing the position of the objects and the hand in the forward (y) axis, and 

the velocity of the hand in both lateral (x) and forward axes. Several measures were 

taken from these graphs: the duration of the reach, the maximum velocity in x and y
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components, and the number of velocity segments in these axes. From the original 409 

graphs, this information could be derived from 116 of them. A summary of the data is 

shown in Appendix A.

The results were analysed in a one-way ANOVAR with the above factors as dependent 

variables using first reaching side and then age group as the independent factor. There 

is a significant effect of reaching side on the peak velocities in the x-axis (F [l,l 14] = 

10.65, p<0.001) and the y-axis (F [l,l 14] = 5.81, p<0.05). These results are shown in 

Figure 7.4. Contralateral reaches have a higher peak velocity in both axes than do 

ipsilateral reaches. This effect is not different for the two age groups (x-velocity:

F [ l,l  12] = 0.56, p = n.s. y-velocity: F [ l,l  12]=0.37, p=n.s). A separate two-way 

analysis of variance showed no significant interaction between age group and reaching 

side (F [l,3 ]=  0.359, p=0.55).
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Figures 7.5 and 7.6 show a detailed representation of these peak velocities broken down 

by reaching side and by stimulus pair, illustrating clearly the consistently higher 

velocities for contralateral reaches.

In addition to a side-specific effect on the peak velocities, there appear to be an age- 

dependant difference in peak velocity for the different object sizes, shown in Fig. 7.7. 

These results were analysed using on-way ANOVAR’s, which showed the lateral 

velocity trend in fig. 7.7. to be insignificant and the forward velocity effect to be 

significant. The younger infants reach more slowly for the small object than for the 

other two (F[2,64 = 3.26, p=0.04), whereas there is no significant effect for object size 

in the older children (F[2,46] = 7.22, n.s.). This may reflect the selection of successful 

reaches for this analysis -  for the younger children to grasp the smaller object, their 

reaches needed to be more precisely controlled to avoid knocking over the target, and as 

in adults, this results in slower reaches.
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Figure 7.6 - Maximum y-velocity for different stimuli and reach sides
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7.3.3 Preferential Looking

The 30 subjects completed a total of 656 trials, of which 344 (52%) were for ‘centred’ 

stimuli and 312 (48%) were for ‘inner’ stimuli. The first observation from this data is 

that there is a bias for looking first to object on the right of the fixation point. This is 

illustrated in Fig 7.8, which is a plot of the mean percentage of rightward looks for each 

stimulus. Note that all the means are above 50%.

This bias is present in both age groups, but is more pronounced in the younger subjects 

(see Fig 7.9). It present in the responses to all the stimuli except for those where the 

large cylinder is present on the left, and then only in the older children. This suggests 

that there may be a preference to look first to the larger target.
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Figure 7.8 - Mean percentage of looks to the right.
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The rightward bias is most pronounced for the younger children and for the ‘centred’ 

stimuli, and in fact is not seen in the older subjects when the inner-aligned stimuli are 

used.

In order to perform a statistically valid analysis of the relative preferences for the 

different objects, it is necessary to collapse the data for the pairs of stimuli; thus the 

looks towards the medium cylinder in the ML and the LM stimuli are combined, as are 

those for the large cylinder. This is necessary to conform to the assumptions of the 

parametric procedure used for the analysis -  the data are transformed from a binomial 

distribution using the arcsin method as in previous experiments, and this requires a 

larger number of observations than can be provided by single stimuli in this experiment. 

Thus the results are expressed in terms of the mean percentage of first looks to one 

cylinder in a pair of stimuli (eg M in ML+LM; L can be inferred directly from M here 

because L+M=100%), rather than in a particular stimulus (eg M and L in ML and LM). 

These data are broken down by age group and by stimulus type in Table 7.4, and plotted 

in separate graphs for the two different stimulus types in Figures V.lO.a and b. Table 

7.4 shows the result of a two-tailed t-test for each collapsed pair.
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LM+ML- 
M

t-test
P

MS+SM
■8

t-test
P

SL+LS - 
L

t-test
P

All Stimuli All 51.0% 0.32 47.0% 0.16 58.6% 0.04
subjects
5-8m 53.1% 0.22 50.1% 0.50 59.0% 0.11
8-12m 47.9% 0.35 42.5% 0.12 58.0% 0.10

Inner edges All 52.9% 0.25 47.3% 0.28 55.4% 0.18
aligned subjects

5-8m 63.2% 0.02 45.8% 0.19 54.2% 0.33
8-12m 33.3% 0.03 50.0% 0.50 57.5% 0.13

C entres All 46.3% 0.18 46.8% 0.26 60.1% 0.05
aligned subjects

5-8m 40.7% 0.07 52.0% 0.29 61.3% 0.12
8-12m 53.8% 0.40 38.5% 0.03 55.8% 0.16

Table 7.4 -  Percentages of looks for a named cylinder in a pair, collapsed across sides,

and associated significance levels.
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Figure 7.10.a - Percentage looks to a named object of a pair (stimuli with inner edges

aligned).
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When considering these graphs it is important to remember that each bar represents the 

relative amount of looking to the named cylinder against the other member of the pair. 

Thus it is the values which deviate most from 50% which reflect a preference for one 

over another. There are several conditions in which the results are significant at the 5% 

level. Firstly the combined results for all stimuli show a preference in the SL-LS stimuli 

for the large cylinder. In the two age groups taken separately this is not a significant 

result, but both tend in the same direction and taken as a whole the preference is

significant (t(29)=1.86, p=0.04). There does not appear to be any other preference when 

the data are taken as a whole.

Considering the two types of stimulus separately, the results are somewhat different.

The preference for the large cylinder in LS-SL pairs is only apparent for the ‘centred’ 

stimuli, i.e. the stimuli where the inner edges are not equidistant from the fixation point 

(t(28)=l .75, p=0.05). A similar degree of preference is seen for the medium cylinder in 

MS-SM pairs (t(12)=2.0, p=0.03), but only in the older subjects. Again, this preference 

may result from the medium cylinder’s edge being closer to the fixation point.

However, there is no such preference in the LM-ML pairs, although there is a nearly 

significant preference for L in younger subjects (t( 16)= 1.59, p=0.07).

Finally, the ‘inner’ stimuli show the clearest case of a large difference between the age 

groups, but only in the LM-ML pairs. The younger group show a significant preference 

for the medium cylinder (t(17)=2.20, p=0.02) while the older children tend to look first 

at the large cylinder (t(9)=2.09, p=0.03).
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A simpler analysis of the overall preferences for the three cylinder sizes can be 

performed by calculating the proportion of first looks to each one. This is acceptable 

because each subject was exposed to all the possible stimuli an equal number of times. 

The results are shown for both stimulus types in Figure 7.11.a and b. In the centred 

stimuli, there is a clear preference in the younger children to look first at the large 

cylinder (F[2,32] = 3.09, p = 0.05). This is the only significant result in this form of the 

analysis, but there is also a trend in the older group to look at larger targets of the 

‘centred’ type. The graphs for the inner-aligned stimuli are included for completion.
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7.3.4 Summary of results

The results can be summarised as follows. In the reaching experiment, there was a 

general preference for the smaller object in a given pair, in addition to the ipsilateral 

bias found in previous experiments. Kinematically, there was a higher peak velocity in 

the reaches for contralateral objects, and younger children reached more slowly for the 

smaller cylinders. These results are consistent with those found on the earlier 

experiments. The looking results also replicate previous studies; for the stimuli in 

which the inner edges were not equidistant from the fixation point, there was more 

looking to the side with the larger cylinder (the edge of which would be nearer to the 

central fixation). For the other stimuli, adjusted for inner-edge separation, there was an 

age difference which was not seen previously probably due to the narrower sample age 

range. The younger (5-8 months) subjects showed a preference for the medium over the 

large cylinder, while the older (8-11) children preferred the large over the medium.

7.4 Discussion

7.4.1 Reaching preferences

The aim of this experiment was to compare looking with reaching preferences, and it is 

important to emphasise that the same children performed the two parts of the study, 

since this allows a more valid comparison. It is also important to note that, broadly, this
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experiment replicated the results of the previous ones, suggesting that the results are 

robust and reliable.

Considering the reaching first, there is a replication of the finding that all the subjects 

reach preferentially for the smaller target (which may be the S or M cylinder), avoiding 

the largest one. This effect is so strong as to completely overcome the ipsilateral bias in 

the S-L pairings giving an overall proportion of contralateral reaches which is over 

50%. Again, since none of the subjects in this experiment could actually grasp the large 

cylinder, this can be interpreted in terms of the visuomotor system excluding irrelevant 

targets. The biggest cylinder cannot be picked up and it is not even attempted, even if it 

is on the ipsilateral side.

These results are slightly different from the previous reaching data from Experiment 3 

in that there is little difference between the two age groups. This may be reflect the 

different age ranges used in the present experiment. The oldest subjects in this 

experiment were 11 months, compared to 13.5 months previously. The previous data 

showed a loss of the preference for the small cylinder in SM/MS pairings, in the older 

age range. The absence of this effect here suggests that this may be a late development 

which does not appear until after 11 months. This may be because choice strategies 

change along with the physical development of the reaching arm and hand.

7.4.2 Kinematic measures

Kinematic recordings showed that there was a consistently higher reaching velocity for 

contralateral reaches. This finding contrasts with the adult results of Carey et al (1996),
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who found that ipsilateral reaches have higher peak velocities, as well as lower 

latencies, greater accuracy and shorter duration. They interpret their findings in terms 

of bio-mechanical constraints, rather than hemispatial processing differences. This may 

also be true for infants, even though it leads to opposite results to adults. There is 

clearly more effort involved in reaching contralaterally for infant subjects, and the 

higher peak velocities may reflect poor motor control under this condition.

In terms of object effects, the finding that young subjects reach more slowly for the 

smaller object suggests that they are using high-order object-centred information to 

guide motor programming. The smaller object requires a more measured approach if it 

is not to be knocked over or missed by the grasp. More interestingly, the absence of this 

finding in the older children suggests that the construction of motor programmes reflects 

known limits of the system. Fine motor control is better developed in the older children 

and thus they do not need to slow down when reaching for the small cylinder.

7.4.3 Looking preference

The preferential looking results again are similar to the previous experiment. There is a 

bias to look first to the side which has the nearest stimulus to the fixation point. This is 

shown by consistent looking to the larger object in the ‘centres aligned’ conditions, and 

illustrates the finding that ocular orientation to a peripheral object is triggered largely by 

position in the visual field rather than object properties. The results are different for the 

inner-aligned stimuli, which were concluded in the earlier study to better reflect the 

higher order processing of object properties since a choice must be made using 

information other than proximity to fixation, which is controlled in the stimuli. There
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was an age difference in the subjects’ looking behaviour to these stimuli. The younger 

subjects looked away from the large cylinder, preferring the smaller ones (which they 

could also grasp, in the real-object domain of reaching) whereas the older ones looked 

towards the large cylinders rather than the medium. This is a new result - in the 

previous looking study there was only a preference for the medium object, and like the 

new reaching result it may reflect the different age groups in this experiment.

One might expect that the attention of very young infants would be attracted by larger 

stimuli in a forced choice PL experiment, and that older ones would be more affected by 

higher order object properties, but here the trend appears to be the reverse of this. It 

may be that the looking at larger targets anticipates a more mature reaching system 

which is capable of grasping such objects, suggesting that the looking and reaching 

visual modules are developing semi-independently as suggested by the previous results. 

Certainly these results as a whole suggest that looking and reaching development are 

not closely coupled in terms of their optimal target stimuli, even though changes are 

taking place in both. However, it is important to note that this result is only just within 

the limits of statistical significance, and these preferences are not strong ones; the 

subjects do not consistently look at a particular stimulus in a pair, and all targets will be 

looked at. The older subjects appeared not to maintain as strong motivation as the 

younger in this experiment, especially in the PL component, and their looking in genera 

could be seen to be more exploratory. They were not so readily attracted by the flashing 

fixation point and less interested in the stimuli themselves. Thus their results are more 

likely to reflect object properties rather than more reflexive responses, but there is a 

degree of noise which is not present in the younger subjects.
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8 Chapter Eight. Visuomotor Impairment in 

Williams Syndrome.

8.1 Overview

Williams syndrome, WS, is a metabolic disorder which involves mental retardation, 

characteristic facial features, cardiovascular problems and infantile hypercalcaemia. It 

is unusual in that the mental retardation it causes is selective; impairment in cognitive 

development is apparently not global and different cognitive domains are differently 

affected. It is commonly proposed that the linguistic abilities of WS children are 

relatively spared, while their spatial cognition and motor control are impaired The 

incidence of WS has been estimated at 1/20000 to 1/50000 (Greenberg, 1990).

Williams syndrome was first described by Williams et el (1961) who diagnosed supra- 

valvular aortic stenosis (a narrowing of the aorta with associated lack of elasticity) in 

three patients on the basis of characteristic ‘elfin’ facial features in common with a 

known patient, and observed mental retardation in all four infant subjects. Later 

studies revealed other organic problems, including renal, musculo-skeletal, 

cardiovascular and, significantly, neuroanatomical involvement (Morris et al, 1988). 

The facial features have been documented as including stellated iris, medial eyebrow 

flare, depressed nasal ridge, and thick lips (Jones & Smith 1975), and contact with these 

children confirms that this is a very consistent characteristic.
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The genetic basis of WS is also currently under investigation. It has been established 

that WS results from a (spontaneous or inherited) deletion on chromosome 7, involving 

at least one known gene, ELN, responsible for elastin production (Mari et al, 1995; 

Ewart et al 1993) and it has been suggested that the deletion occurs in this region due to 

meiotic mis-pairing in a repetitive sequence of the DNA (Korenberg et al, 1996). The 

size of the deletion suggests that ELN is not the only gene involved, but the structural 

role of elastin in the cardiovascular system could explain the arterial stenosis which 

affects WS children (Ewart et al 1994), and recent neurocytology finds a structural role 

for elastin in the brain (Galaburda et al 1994). Osborne et al (1990) have sequenced 3 

known genes (ELN, LIMKl and RFC2), and 6 potential genes including one, which 

they named W SCRl, that appears homologous with a gene involved in fragile-X 

syndrome, one of the commonest genetic causes of mental retardation. The 

involvement of a number of genes is consistent with the non-uniform nature of the 

syndrome, which will be discussed later; it may be the case that while the elastin gene 

which is missing in almost all cases has some neuro-developmental role, the presence or 

absence of other genes may not be the same in all cases of WS.

Recently there have been several neuroanatomical studies of the brains of Williams 

syndrome individuals, both post-mortem and structural imaging in vivo. Jemigan and 

Bellugi (1990) observed reduced cerebral volume in 6 teenage WS subjects on structural 

MRI, with relative sparing of some frontal and temporal limbic areas. Galaburda et al 

(1994) examined the brain of a 31 year old WS male and found that the parietal, 

posterior temporal and occipital regions were of low volume. Cytoarchitectural 

examination found unusual organisation of neural bundles, most strikingly in the
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occipital lobe in which the authors suggest similarity with a much earlier developmental 

stage. The relative preservation of the frontal lobes and much of the temporal, 

combined with under- or mis-development of the more posterior forebrain area suggests 

that the cognitive profile exhibited in WS is strongly linked to neural development. 

Additionally, small vessel ischemic disease was observed, possibly implicating 

cardiovascular involvement at the neurological level.

Thus Williams syndrome is a condition with a comprehensible genetic basis which is 

already partially understood, leading to metabolic and anatomical developmental 

problems and heterogeneous cognitive impairment. This makes it a fascinating model 

for studying the organic basis of cognitive development, and the particular visuospatial 

cognitive impairment of these subjects is very relevant to the current work.

8.2 Cognitive Profile

It has been known since Williams first description of the syndrome that there is a 

general cognitive and behavioural picture common to all WS individuals; they perform 

poorly in tests of visuospatial performance, while their linguistic abilities are relatively 

spared (see Bellugi et al 1988). However, it is only recently that there has been a 

systematic effort to provide a comprehensive cognitive profile of this population. There 

follows a brief summary of findings to date which are relevant to the present studies.
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8.2.1 Linguistic abilities.

Volterra et al (1996) suggest that the linguistic sparing of Williams syndrome is not 

complete. They compared performance of Italian WS subjects with normal controls 

matched for mental age on a number of standardised tests of lexical comprehension, 

lexical production, and grammatical production and found that in general their subjects 

performed at or below the level predicted by mental age apart from in phonological 

fluency, which the authors suggest is a result of several years of school experience. 

However, qualitative differences were observed including errors of gender agreement 

and verb conjugation, and substitutions of prepositions, suggesting a difference in the 

neural systems involved in the processing and production of language. Work by 

Karmiloff-Smith and colleagues is in agreement, stressing grammatical deficits in WS 

children (Karmiloff-Smith et al, 1997). This group is currently testing pre-linguistic 

WS and Down’s syndrome children to determine how these deficiencies originate.

Earlier work by Udwin et al (1988) comparing WS with age and verbal IQ-matched 

controls is consistent with these studies, finding no differences in the quality or 

grammatical complexity of speech produced but more use of social phrases, adult-like 

language and cliché. A large scale survey of adults with WS by Udwin (1990) suggests 

that these linguistic problems are never overcome, with impairment at reading, writing 

and numeracy. Interestingly, however, the subjects performed much better at writing 

tasks than reading, consistent with the verbal superiority of production over 

comprehension of language.
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8.2.2 Visuospatial impairment.

Bullugi et al (1988) tested three teenage WS subjects on a number of spatial tasks. A 

drawing test in which the subjects copy progressively more difficult line-drawings 

showed an inability to copy anything more complicated than straight lines or circles, 

and a lack of global structure. However, when asked to trace the drawings, one subject 

performed well, suggesting that this impairment is not visuomotor in nature. Solid 

block construction taken from the Weschler Intelligence Test for Children - Revised 

(Weschler, 1974) showed even more drastic impairment, with all children failing even 

the simplest levels. A test of spatial cognition of orientation, which has no motor 

component, was also administered. In the Benton Line Orientation Test (Benton et al 

(1978) match a pair of test lines to one of 11 orientations on a display. The subjects all 

performed very poorly, with one failing even to complete the practice items.

8.2.3 Global/local visuospatial processing.

Bihrle et al (1989) compared the performance of WS subjects aged 1 1 - 16  with Downs 

subjects on a test of hierarchical visual processing using stimuli consisting of large 

global forms made up of small local forms, for example a large letter D made up of 

small Y ’s, which the subjects drew from memory after 5 second presentations. The 

results showed that WS subjects performed well at the local level, but poorly at the 

global level, so that in the example above a typical subject would produce a number of 

small Y’s but with no global configuration. An example from Bellugi et al (1994) 

illustrates this global-level impairment very well; an 18-year old WS woman was asked 

to draw an elephant and describe one. The description exhibits the typical rich
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linguistic production of these individuals (what an elephant is, what it does, what it 

looks like), yet the drawing is fragmented, with the parts of the animal only loosely 

connected into an overall form (see Figure 8.1). Interestingly, in tests of face 

recognition, which must depend on the spatial integration of features, WS children 

perform well (Wang et al, 1995).

Figure 8.1. The contrast between drawing and verbal description of an elephant, by an 

18 year-old WS subject. From Galaburda et al (1994).

Q / -  mouth (

And what an dcphant is, it is 
one of the animals. And what 
the elephant docs, it lives in the 
jungle. It can also live in the 
zoo. And what it has, it has 
long gray ears, fan ears, ears 
that can Wow in the wind. It 
has a long trunk that can pick 
up grass, or pick up hay,..If 
they’re in a bad mood it can be 
terrible...If the elephant gets 
mad it could stomp; it could 
charge. Sometimes elephants 
can charge. They have big long 
tusks. . They can damage a 
car,.,lt could be dangerous. 
When they're in a pinch, when 
they're in a bad mood it can be 
terrible. You don't want an 
elephant as a pet. You want a 
cat or a dog or a bird...

1 7 3



9 Chapter Nine: Experiment 6 - Dissociation of 

ventral/dorsal processing in Williams Syndrome

9.1 Introduction

Children with Williams Syndrome (WS) have been shown to perform relatively poorly 

in tests of visuospatial performance compared to some linguistic abilities (see previous 

chapter). However, while there has been a great deal of attention recently on their 

‘spared’ language development, there is very little published work on the visuomotor 

skills of these subjects. This experiment addresses the hypothesis that in WS there may 

be a dissociation of impairment between ventral and dorsal processing of visual 

information. There are several reasons to expect that this may be the case. Firstly, 

while there is a marked deficit in performance on visuospatial tasks, WS children show 

good performance at face recognition, which is presumed to depend on processing in the 

ventral stream (Wang et al, 1995). Work in the Visual Development unit has found that 

they also have impaired motor skills, and have problems with visually-guided 

movements such as locomotion over uneven surfaces, and parents of WS children 

frequently report problems in gross and fine motor control, such as clumsiness and 

difficulty navigating stairs. If the use of visual processing for motor control is involved 

in these processes, this again would be suggestive of dorsal processing deficits. Also, 

neuroanatomical studies of these subjects have shown a particular brain morphology 

which suggests that some areas may be more affected than others, with anterior cerebral 

and temporolimbic areas relatively preserved (Galaburda et al, 1994). Since the
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ventral/dorsal differentiation appears to be based on anatomical separation of visual 

processing, it is reasonable to believe that one of these pathways may be more affected 

than the other. The availability of the ELITE system and experience in its use with 

infant subjects provides an ideal means for the study of possible visuomotor impairment 

in WS.

In order to test for a dissociation between ventral and dorsal stream processing, it was 

necessary to construct a pair of tasks which relied on the same visually-derived 

information, one in which this information was used to control an action, and the other 

in which it was used to make a perceptual judgement. One test which was designed for 

this study was developed from an investigation of visuomotor performance in a visual 

agnosic patient (Goodale et al 1991), and from work by Perenin et al (1988) on optic 

ataxia. Perenin et al observed difficulties in ataxic patients in a simple hand orientation 

task. The patients were presented with a circular disk in which there was a slot large 

enough to insert the palm of the hand. The disk was presented vertically with the slot at 

various angles facing the patient, who was instructed to insert their hand. Errors were 

observed in the position, orientation and posture of the hand, and the subjects appeared 

unable to use the visual cue of slot angle to control the movement of their hands.

Goodale et al (1991) developed this approach into a posting paradigm, in which rather 

than a hand, subjects inserted cards into an oriented slot. The patient in this 

neuropsychological study, DP, suffers from visual agnosia, and is unable to perform 

tasks such as perceptual matching and object recognition. Thus, in addition to the 

posting task, an analogous visual matching task was introduced in which the same 

card/slot configuration was used but rather than posting, the card was used to indicate
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the perceived orientation of the slot; for each trial, the subjects held up the card and 

attempted to use it to indicate the angle of the slot. While control subjects had very 

small errors for both tasks, DF showed a significant dissociation. Her performance on 

matching was at chance, while her errors on posting were close to normal levels. 

Goodale et al propose this as evidence for the ventral/dorsal dissociation, suggesting 

that DF has suffered ventral stream damage, but that visual information passing to the 

dorsal stream was largely unimpaired.

In this experiment the posting/matching paradigm was adapted for use with the WS 

children and a control group of normal children, with the working hypothesis that WS 

subjects would perform relatively worse at the posting task as a result of greater dorsal 

than ventral stream impairment.

9.2 Methods

9.2.1 Subjects

14 WS children were originally contacted through liaison with the UK Williams 

Syndrome Foundation and had previously attended the VDU for an extensive battery of 

visual, visuocognitive, motor and verbal tasks. Their ages ranged |from 4 to 13 years.

27 normal controls aged 3 to 10.5 years were also tested. Additionally, a small group of 

4 adults aged 24 to 34 were tested to give an indication of the mature performance. 

Normal subjects were chosen to provide an age distribution which could be broken 

down into approximately equal-sized groups for comparison (<5yrs, 5-7.5yrs, >7.5yrs)
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and spanning the mental age equivalence of the WS children tested. All subjects 

performed the same experimental tasks.

9.2.2 Apparatus

9.2.2.1 Posting task

Since many of the subjects in this experiment were either mentally retarded or very 

young the equipment was designed to make the tasks both attractive and 

comprehensible. A red cylindrical (radius 25cm) post-box was constructed with a slot 

(2 X 10cm) in one end. The post-box was mounted on rollers and could be freely rotated 

to vary the orientation of the slot. ELITE markers were attached at both ends of the slot 

to give a precise measure of the angle, which was set by hand using marks on the rear of 

the post-box. For posting a number of cards (15 x 8.5cm) were decorated to look like 

letters. Markers were affixed to the comers at one of the narrow ends of the letters. As 

the letters would be rotated during the experiment, markers were attached to both sides 

of the cards at the same location. This arrangement of the markers was set-up to 

minimise the possibility of ‘losing’ markers from the view of the ELITE cameras during 

the posting movement.

9.2.2.2 Matching Task.

To make the task more understandable a posable wooden mannequin was obtained and 

modified so that all joints except the wrist were fixed. The doll was fixed with one arm 

forward in a posting pose, and a smaller ‘letter’ (100x80mm) with markers was attached 

to the hand. The wrist was able to rotate, and thus the letter could be rotated about the
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same axis as the posting slot. The mannequin was fixed to the table using velcro and 

thus could be moved in and out of the experimental area and held firmly in place. When 

positioned before the posting box, the card was 5cm from the slot. Before the 

experiment the subjects were given several practice trials in which they were asked to 

“Get the man’s letter ready for him to post it.” This proved to be comprehensible by all 

the normal subjects and all but two of the WS children. From pilot studies it was found 

that most normal children over the age of 4 years understood the matching task and 

indeed some 3 year-olds were capable of doing the task.

9.2.3 Procedure

Each trial consisted of one matching task and one posting task for a particular slot 

orientation. Four orientations were used: 0° (horizontal), 45°, 90° and 135° (defined as 

anti-clockwise rotation from 0°) and these were presented in randomised blocks of four. 

Subjects were given as many blocks as they were prepared to complete, up to a 

maximum of 36. Before testing, both tasks were practised until the subject understood 

what was required of them; this also allowed hand preference to be decided by 

observing which hand the subjects used unprompted. One hand or other was used for 

the whole experiment for the sake of consistency, and all experimental data is derived 

from single-handed manipulation. In the posting task, the letter was placed flat on the 

table in from of the subject 150mm from the front of the post-box. The operator of the 

ELITE started recording, then instructed the subject to post the letter. Recording was 

stopped when the markers on the letter entered the post-box, or in cases of failed 

posting, after the letter had made contact with the slot and it was clear that the subject 

would not be able to post. The precision required for posting smoothly was constrained,
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by the height of the slot and the maximum thickness of the letter plus markers, to a 

tolerance range of 3.6° (i.e. plus-or-minus 1.8°). For matching, the mannequin was 

fixed in front of the post-box and the subject given time to orient the fixed letter, a task 

which usually required only a few seconds. When the subject indicated satisfaction 

with the chosen orientation, a brief ELITE record was taken from which the set angle 

could later be retrieved.

9.2.4 Analysis

Since these movements were on the whole quite stereotyped, a computer program was 

written to extract certain measures from the ELITE data files. A simple measure which 

allows comparison of the errors made in both posting and matching is the absolute 

angular error, the difference between the angle of the post-box and the angle of the letter 

regardless of sign. For matching, this is a simple calculation. For posting, there is a 

constantly changing error during the movement towards the slot, which is in itself 

interesting and subject to detailed analysis, but for the purpose of comparison with 

matching a particular point in space was chosen. Observation of the kinematic 

recordings found that the best point to choose was 20mm from the slot, by which point 

in a good posting action the letter would already have been angled to enter the slot. In 

some cases of poorly co-ordinated posting the letter passed this point several times as 

the subject tried repeatedly to post, so the chosen measure was the firs t time the front 

edge o f the card passed through a vertical plane 20mm from  the slot.

Other measures could also be derived using computational analysis. The number of 

inflections of the card during flight was calculated. Also, the time taken to post the
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letter was derived, to investigate whether speed and accuracy may be more informative 

than a simple error measure.

9.3 Results

Data were obtained for between 10 and 46 trials (mean 29) for each subject. While 

none of the normal subjects had any problems understanding and executing the two 

tasks, difficulties were common among the WS group. In the matching task, several 

WS children were not able to easily comprehend what was required, and it took 

generally much longer to train this group. The typical error in matching was to attempt 

to post the letter attached to the manikin, disregarding the fact that this entailed trying to 

push a solid object through an impossibly small gap. However, all but one of the WS 

subjects were eventually able to perform the task. The remaining subject had a typically 

Williams’ Syndrome obsession, with rotating machines such as helicopters and washing 

machines, and persisted in rotating the letter ad infinitum.

Posting errors were also common among WS subjects, and many of these were not of a 

type to be captured fully by kinematic analysis. Typical ‘gross’ errors were either to 

attempt to post the card at completely impossible orientation, such as flat against the 

front of the post-box, and awkward arm posturing resulting from poor movement 

planning. Given a desired end-orientation, it is necessary to make an initial decision 

whether to rotate the wrist clockwise or counter-clockwise. Failure to chose the correct 

direction often results in a posture with the elbow raised awkwardly. This error was 

common in the WS group, but only seen in the youngest normal subjects.
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Table 9.1 summarises the angular errors for all subjects in both conditions, broken down 

into age groups for comparison. Initially, these results suggest that as a group the WS 

subjects perform most like normal children in the youngest age group (less than 5 

years). However, the results from the WS subjects are very variable and a more detailed 

analysis is called for which describes normal development and mature performance of 

these tasks, as well as considering WS subjects as individual cases or groups of cases.

Age Group Normals Williams
Match Post Match Post

<5 11 Subjects 1 Subject
mean error 5.3 mean mean mean
sd 7.7 error=13 error=18.2 error=25.7

sd=10.9 sd=12.1 sd=21.4
5 -7 .5 11 Subjects 2 Subjects

mean error 4.1 mean error 8.9 mean error 7.6 mean error
sd 6.1 sd 9.5 sd 12.3 18.0 

sd 13.3
>=7.5 10 Subjects 10 Subjects

mean error 2.3 mean error 6.7 mean error 6.1 mean error
sd 2.0 sd 7.6 sd 9.3 12.9 

sd 12.3

Table 9.1 - Summary of angular errors in degrees for all subjects. Performance of 

Williams group most closely resembles that of normals < 5 years old.

Figure 9.1 shows the mean angular errors made in both tasks, with the WS children 

picked out in corresponding colours in both graphs. Clearly, the errors made in posting 

are on the whole much greater in both groups. This is to be expected since the matching 

task is not time constrained and the normal threshold for orientation discrimination is 

well below what is detectable with this apparatus (Beck and Halloran, 1985). On the 

other hand, posting requires control of the orientation of a moving object and would be
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expected to be subject to less precise manipulation. In fact, given the angular range 

allowed by the size of the slot and letter (+/- 1.8°), precision was not so tightly 

constrained, and some subjects actually achieved mean errors of this order, but given 

the greater variability of the posting measures and the fact that these values are absolute 

error, i.e. no negative values, it is to be expected that the means would be higher in most 

subjects. In fact, if the median errors are plotted for the age groups in Table 9.1 (see 

Figure 9.2), these values are much closer to the success threshold of 3.6°. The fact that 

in many trials the error is greater than this value suggests that there is still some final 

orientation adjustment taking place after the 20mm closing distance.
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Fig. 9.1 - Angular errors for all subjects, posting and matching tasks. Note that the 

colours used for WS subjects correspond on the two graphs.
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Fig. 9.2 - Median absolute angular error by age group
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Considering the development of normal performance at these tasks, there is clearly a 

rapid improvement between the ages of 4 and 7 years. If curves are fitted to these data 

(see Fig. 9.3), the inflexion point for both tasks lies close to the same age (around 5 

years), suggesting that the processing which underlies performance at posting and 

matching is maturing at the same rate.

The WS children do not follow a clear age trend in either task, and in fact do not appear 

to perform as a homogeneous group at all. However, given the possibly variable genetic 

bases of WS (see Chapter 8), it is possible that there are a number of different 

impairment profiles. Data of this kind may be considered in terms of differentiated 

patterns of performance in different groups of WS children. Figure 9.4 is an attempt at 

classifying the WS subjects into meaningful groups, and it appears that there are three 

performance profiles: (1) subjects with normal matching but impaired posting, 

postulated as dorsally impaired; (2) equivalent 5-year-old normal; (3) equivalent 4-year- 

old normal; (4) worse than 4-year-old normal.
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Figure 9.3 - Sigmoid curves fitted to the normal subjects mean errors. Note inflexion

points at the same age in both tasks.
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9.3.1 Kinematic analysis of posting movements

For detailed analysis of the kinematic properties of posting, it was necessary to 

individually analyse each trial. This required a filtering process to select out those trials 

for which there was complete enough data to analyse. The criterion used was that the 

front edge of the Tetter’ had to move forward by at least 100mm, which was two-thirds 

of the actual distance. This reduced the number of useful trials considerably. The total 

number of ELITE records was 1492, of which approximately half were of matching 

trials. The final number of fully recorded posting movements was 234, of which 163 

were normals (17 subjects) and 71 WS (10 subjects). These records were all plotted and 

inspected individually. This was a time-consuming process, but necessary due to the 

variable nature of the movements of both normal and clinical subjects. Figure 9.6 

shows an example of one of these graphs:
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Figure 9.6. Example of ELITE-derived graph of a post by a normal 4-year-old. The 

angles o f letter and slot are plotted on the same scale as the separation between them. 

Note inflexion in the letter around 0.6s, and rapid approach of the card (falling green 

trace) at the same time as orienting takes place.
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In this graph the orientations of the letter and the slot are plotted on the same axes 

against time. The slot orientation (pink) remains constant. Note that the perturbation of 

this line gives some indication of the very low level of noise in the ELITE system. The 

distance plot (green) is very smooth in this case, and illustrates the 20mm cut-off point 

after which kinematic data were rare. The letter-orientation plot is less smooth (and this 

is quite typical of even adult subjects) but shows that a rapid and precise orienting 

movement begins at the same time as the forward motion, and in this case the angle is 

set around 30mm before the front edge of the letter reaches the slot. There is a large 

error of around 10 degrees, which is common in the posting of 4-year-olds.

Several measures were taken from these graphs. The smoothness of the forward 

displacement (distance) curve was expressed in terms of the number of inflexions, such 

that a completely smooth curve would score 1, an point where velocity fell to zero and 

then increased again scored 2 and an actual reversal of direction scored 3 (an arbitrary 

arrangement for the purpose of classifying the data). As an example, the graph in figure 

9.6 would score 2, because the distance curve levels out but never reverses. The 

smoothness of the orientation change was expressed in terms of the number of reversals 

during the forward movement (the example graph scored 2 because the orientation 

change reverses direction twice between 0.6 and 0.8 seconds). The timing of angle 

setting was recorded as late or early, where early meant that the final set angle was 

achieved in the first half of the time course of the forward displacement, late in the 

second half, or not set for failed attempts (the example graph shows late orientation 

setting). The shape of the angle curve was recorded as initially steep then shallow, 

constant, initially shallow then steep, constantly changing, or not set at all. These later
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two measures are clearly somewhat qualitative, but this was unavoidable given the 

variable nature of the data. This method of classification was arrived at after studying 

all the graphs, and was designed to be as inclusive as possible given the nature of the 

data.

9.3.1.1 Normal subjects

Forward displacement in normal subjects consisted of one smooth velocity segment in 

128 trials out of 163 (68%). Of the remaining 35 trials, 29 were 2-segment movements, 

and the 6 trials with more then 2 segments were all from subjects aged less than 9 years.

The orientation curves for normal subjects had the following distribution, where one 

reversal corresponds to an inflexion in the angular orientation of the letter in flight:

Number of reversals frequency (%)
0 111 (68.1)
1 33 (20.2)
2 11 (6.7)
3 5 (3.1)

A movement in which there was no reversal in orientation reflects a single smooth 

movement, and this was the case in over two-thirds of the trials performed by normal 

subjects.

The form of the orientation curves fell into two categories. In 50% of trials, the change 

in angle was constant, and in 32% the curve was initially steep with the gradient 

changing more slowly as the letter approached the slot. The remaining 18% were 

largely cases of multiple-orientation segments. The setting of the angle was equally
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distributed between the first and last halves of the movement, with a failure to set the 

angle in 6.2% of trials.

9.3.1.2 WS Subjects

Forward displacement in WS subjects consisted of one smooth acceleration- 

deceleration segment in 57 trials out of 71 (80%). Of the remaining 14 trials, 12 were 

2-segment movements. This is a slightly higher proportion of one-segment movements, 

but is not significantly different from the normal rate (p=0.41, independent t-test).

The orientation curves for these subjects showed a different distribution from the 

normals; there was a much higher proportion of 2-segment trials, i.e. those in which 

there was a reversal in the orientation of the letter in mid-flight. This reflects the overall 

lower accuracy of these subjects. These reversals occurred either as a result of over

turning the letter or stopping the turn before the target orientation was reached. The 

performance of the WS children was significantly different from the normals (p=0.01, 

Mann-Whitney U).

Number of reversals frequency (%)
0 32 (45.1)
1 28 (39.4)
2 6 (8.5)
3 3 (4.2)

The form of the orientation curves was generally different from the normal subjects. 

Constant curves and initially steep curves were still most common (39% and 27%), but
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there was a much higher proportion of constantly changing orientations (31 %). The 

early and late curves were, unlike the normals, not equally distributed (51% and 34%) 

and the incidence of failure to set an angle at all was almost three times higher (15%)

9.3.2 Comparisons with other test results from young WS 

children

The post-box experiment was part of a battery of tests in a comprehensive study of a 

much larger cohort of WS children at the VDU. Thus it was possible to compare 

performance at the posting / matching test with these other measures. These other test 

results are expressed in terms of age equivalent, and for the purpose of this comparison 

the age equivalent classifications in figure 9.4 were used to identify the subjects. Not all 

of the tests were completed by all of the subjects, but there was sufficient overlap for 

comparison in the Test of Reception of Grammar (TROG), the Weschler and McArthur 

vocabulary tests, the Weschler and Ravens object assembly, and part of the Atkinson 

ABCDEFV tests on block construction. Of these the first two showed interesting 

results in the light of the post-box task, and are plotted in figures 9.7 and 9.8 with the 

subjects from this experiment colour coded. Both of these figures Figure 9.7 shows 

general agreement between the results of the linguistic tests and the post-box task, and 

interestingly the ‘dorsal’ WS subjects perform well at the TROG and the vocabulary 

tests, supporting the suggestion that these individuals are quite specifically impaired in 

the dorsal stream.
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Figure 9.7. Age equivalent scores for the Test o f Reception of Grammar. Coloured 

circles are used to differentiate the subjects from the present study.
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Figure 9.8. Age equivalent scores for the Weschler and McArthur vocabulary test. 

Coloured circles are used to differentiate the subjects from the present study.
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9.4 Discussion

Clearly the Williams Syndrome subjects performed very differently from the normal 

children. They exhibited a number of errors in posting which suggest impairments in 

both planning and executing actions, and their matching was also on the whole poorer 

than normal controls of the same age. However, the clinical group do not behave as a 

homogeneous population, and these results show that in some of the WS subjects there 

is a marked dissociation between performance on a ventrally mediated task and a dorsal 

one. The relatively poorer performance on the posting task in this subset of the subjects 

may reflect differential involvement of the ventral/dorsal streams in the neurological 

development of WS. A deficit of this kind would explain many of the problems found 

in WS in such tasks as block construction, drawing and locomotion over uneven 

surfaces and the relative sparing of other specific abilities such as face recognition. 

There is however, a large degree of variation in the group, and not all these WS subjects 

fall into a straightforward dorsal-impairment category. Several of them were globally 

impaired at both these tasks, and some appeared to perform at normal levels. Given this 

result, and the known deletion of more than one gene in Williams’ syndrome, it appears 

likely that there is not a single neural basis for this condition, but rather an interaction of 

several genetically-based deficiencies resulting in a number of neuro-developmental 

profiles. This suggests that larger studies of these subjects would find sub-groups of 

WS children with more specifically demarcated impairments.

This kind of investigation into impaired motor performance would not be possible 

without sophisticated motion capture systems like the ELITE, and the kinematic
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analysis of this data has provided a detailed profile of hand orientation in normal 

subjects which was hitherto absent from the literature. From this data we see a clear 

developmental trend. Interestingly, the mature form of this action is not without ‘in

flight’ adjustment. In normal adult reaching behaviour for a stationary object, the 

movement is precisely executed and requires no correction as the hand nears the object 

(unless the stimulus has been manipulated to deliberately cause this). In orienting the 

letter during posting, however, the is a high incidence of angular reversal, i.e. the poster 

turns the letter beyond the angle of the slot and has to bring it back to the correct 

orientation. It may be that this reflects the difficulty of this operation as compared with 

a simple reach and grasp. Many simple movements like reaching appear to take place 

without feedback, and indeed some occur too quickly for feedback to play a part (e.g. 

catching). A possible explanation for error in the posting task is that it is an unfamiliar 

task and there does not exist a ‘trained’ motor program which can be used to perform it 

(Ghahramani and Wolpert, 1997). As a result, the fallback position of motor control 

using a combination of visual feedback and attempted motor programming is used, and 

errors occur. If this is the case, one would expect a motor program to emerge with 

practice which is much more precisely calibrated, and there should be a learning effect 

in such tasks.
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10 Chapter Ten: Discussion -  the integration of vision 

into action

10.1 Infant Studies of reaching and looking

10.1.1 Reaching

10.1.1.1 Vision and the proximal-distal distinction

When considering reaching and grasping it is useful to functionally divide this action 

into two components -  the proximal movement which brings the hand into contact with 

the object, and the distal manipulation of the target by the hand. This is based not only 

on a cognitive distinction between two kinds of information transformation, but on 

anatomical and physiological separation of the two subsystems, as discussed in Chapter 

1. Given this distinction, it is interesting to consider whether the visual information 

which drives these two components is consistent across the two, or whether they are in 

fact ‘uncoupled’ in this respect. Adults show a good degree of co-ordination between 

the two components which can be disrupted by interfering with the visibility of the 

stimulus. Jakobsen and Goodale (1991) showed that when illumination is reduced as a 

reach begins, the grasp component becomes less precise and more conservative, with 

larger aperture and later closing.

Atkinson et al (1994) have shown that when infants are deprived of binocular 

information their reaches become more like those of younger infants. In this experiment
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the ELITE was used to record reaching under both binocular and monocular conditions. 

In the monocular condition there were more mis-reaches and higher peak velocities. 

Thus it was interesting to consider whether the developing form of the reach-grasp 

action show a lack of co-ordination between the two. In Experiment 1 it was found that 

in unconstrained reaching by 7 to 8 month-olds the size, specifically the diameter, of the 

object has an influence on the distal component of the reach-grasp action, but not on the 

kinematics of the proximal transport component. In other words, there was no evidence 

of advance planning of the grasp being integrated into the transport movement, which is 

seen in adults. Instead all the fine correction to the grasp was made after the hand 

reached the target, seemingly as a response to it. More terminal corrections were seen 

when reaching for a narrow, less stable object.

This result suggested that indeed, there is poor integration of the proximal and distal 

movements at this age. This may reflect impulse conduction factors such as differential 

myelination rates of the pyramidal tract which controls fine finger movements, 

compared to the lateral and ventromedial pathways (see discussion of Lawrence and 

Kuypers, 1968 in the Introduction).

However, the later preferential reaching experiments, in a more sensitive and controlled 

set-up, did find evidence of visual information being used in the proximal section of the 

reach. This was seen in Experiment 2 as a larger number of lateral distortions in the 

forward motion of the hand when reaching for a small object. The subjects in this 

experiment were of comparable age group to the previous one. Again, it is the necessity
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for finer control when trying to grasp a small, unstable target which forces visual 

information to be utilised for effective reaching.

Experiments 3 and 5 also showed kinematic differences in the transport movements, 

related to the end point of the reach. In reaches across the midline, there was a higher 

peak velocity. The strong bias against reaching contralaterally may provide some 

explanation for this, in terms of the reversion to more primitive strategies which is often 

seen under difficult circumstances for reaching. The earliest forms of infant reaching 

are ballistic (Hofsten, 1991), composed almost entirely of a very fast proximal 

movement towards the target, with very poor distal control. It may be that action- 

control resources are stretched by reaching contralaterally to the extent that there is a 

tendency to revert to ballistic strategies. Children in this age range are certainly only 

just able to reach and grasp, and it seems likely that the behaviour has high attentional 

demands.

Thus it appears that both the proximal and distal parts of a reach-grasp action do use 

visual object-related  information about the target, but that the two are not always 

effectively integrated below around 12 months, and possibly beyond this. It also 

appears that in more demanding movements, the integration of the two becomes worse.

10.1.1.2 The ipsilateral bias

The results of all the preferential reaching experiments (Experiments 2, 3 and 5) all 

illustrated a strong ipsilateral bias in the reaching of even the oldest subjects. Midline 

crossing was described by Bruner (1969, 1972) as an important step in the development
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of manual co-ordination. It allows the infants to reach for an object presented 

contralaterally in situations where the other hand is otherwise involved, and plays a 

crucial part in bimanual manipulation of objects. Clearly from these results midline 

crossing is available to these children even at the lower end of the age range, as would 

be expected from Provine and Westerman’s (1979) study, but there is still a strong 

tendency to reach on the ipsilateral side.

One source of this bias, as discussed previously, may be the reflexive coupling of arm 

movements in neonates and young infants. Thus, while it is possible for them to reach 

across the midline, their action-plan may not take into account the fact that one arm is 

being restrained. If this is the case and bimanual reaching was planned, then in many 

cases there may be no correction that takes into account object properties, and the 

reaching hand will move ipsilaterally. Certainly, observation shows that many of the 

subjects would reach for two objects at the same time, one with each hand. As a 

strategy for acquiring objects and exploring the peri-personal space (Hofsten, 1982) this 

is highly effective and maximises the chance of successful reaching.

The development of visually-driven midline crossing with age illustrates the changing 

strategies used by infants in their reaching. As reaching matures, higher-order 

cognition is involved in action planning. Object-related measures including size and 

position are integrated with body-centred information about the physical limits of the 

prehensile system -  how large the hand is relative to the object, whether the object can 

be reached, whether a nearer object is more attractive compared to a more distant one
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which may be more easy to grasp. All these estimates are involved in the selection of 

objects.

10.1.2 Looking

The preferential looking experiments, using realistic representations of the cylinders in 

the reaching experiments, were designed to investigate the coupling of visual and 

manual apprehensive behaviour, and to compare the immediate preference biases of the 

two systems. While both hand movements to visually defined targets and eye 

movements can both be considered as motor actions under the guidance of vision, there 

are clear differences in their underlying neural control structures in terms of anatomy 

and physiology. Also, eye movements are used much earlier in development, and are 

far less constrained bio-mechanically than movements of the hand. The eye is able to 

focus sequentially on many targets in the time it takes for one reach and grasp. As 

Bloch(1998) points out, hand movements have a much longer latency than eye 

movements, and surely one reason for this is that once a hand movement is initiated, it 

can not so readily be altered as an eye movement. In fact eye movements are so much 

faster that several can be completed in the time taken for the hand to reach out for an 

object.

Given the differences in these two visuomotor systems, it is not surprising that they 

exhibit different preference biases for the objects in these experiments. The clearest and 

most unsurprising difference is the effect of retinal eccentricity on looking. It has long 

been believed that the less eccentric stimulus will attract attention in a competition 

situation. In preferential looking experiments it is accepted practice that retinal
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eccentricity must be controlled, although there do not appear to be any studies which 

directly test this assumption. This bias was found in the domain of realistic object 

representations. The ‘centred’ stimuli had not been adjusted for retinal eccentricity and 

in all cases there was a much higher proportion of looks to the larger of the two objects, 

regardless of side of presentation. This was not the case for the inner-aligned stimuli. 

Obviously, the larger centred objects always projected laterally closer to the fixation 

point and were thus less eccentric in terms of their inner extent. This looking behaviour 

can be seen as a bias based on object location and need not be explained in terms of 

objectproperties. As such it could be seen as analogous to the ipsilateral reaching bias. 

Response biases such as these must be taken into account when attempting to measure 

the stimulus preferences of a system, and the ‘inner-aligned’ stimuli were created for 

this purpose. Clearly though, this experimental design does not precisely measure this 

bias and the factors which affect it, as it was not intended to. Given the very common 

usage of PL as an experimental paradigm, this would be a useful area for further 

experimental work.

It is in the responses to these inner-aligned stimuli that we see the properties of the 

ocular visuomotor response in terms of object-centred parameters as opposed to the 

retina-centred properties discussed above. Here the preference is in general for the 

medium cylinder, then the small and then the large. The first point to make about this is 

that it is a different profile from the reaching, which can be described generally as (in 

order of preference) Small>Medium>Large for the younger subjects (younger than 9 

months) and Medium>Small>Large for the older ones (9 months and older). At first 

sight this result suggests that the infants are actually looking at one object and reaching
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for another, but this is not necessarily the case; the looking measure is only of first 

looks, not overall looking preference. It is more likely that the infant looks, according 

to the preferences of the visual system, and one object, then at the other, and then 

fixates the objects which has been selected for reaching. In fact, this may partially 

account for the longer latency for reaching than looking; exploratory looking takes 

place before reaching because it is much quicker an less constrained by bio-mechanics.

Of course there is another possible explanation for the different response profiles of 

these two systems; it may well be the case that the computerised representations of the 

cylinders are not responded to in the same way as the real objects themselves. This is 

actually quite probable. Aglioti et al (1995) have shown that dorsal processing of visual 

information has direct access to stereoscopic disparity measures, to the extent that depth 

can be used to accurately scale grip in scenes in which size-contrast illusions distort 

apparent target size. The two-dimensional computer images of the cylinders contain no 

stereo depth information, relying entirely on photo-realistic pictorial depth cues to give 

an illusion of solidity. As such these images may not be perceived as true 

representations of solid cylinders at all. If this were the case then the responses would 

still be based on differences between the images on the two sides, but could not be 

interpreted in terms of an orienting response to solid objects.

However, the assumption that the virtual cylinders are perceived as solids is reasonable. 

In many cases the infants reached out to the screen displaying the images as though to 

grasp an object. Since looking has a shorter latency than reaching (see above) and 

would therefore occur before the motor response, this suggests that recorded looking
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responses took place as they would to real objects. This said, the preferences of the 

ocular orienting system appear to be better tuned for manual acquisition than the 

reaching system. There is a consistent preference for the medium object across the age 

range, and this is the easiest one for these subjects to grasp. This, and the fact that the 

preferences of both reaching and looking change across the age range examined, 

suggest that the looking system may well be more advanced developmentally than 

reaching, but that both are developing in relation to the goals of manual acquisition 

behaviour.

10.2 Kinematic techniques in infant studies

The use of kinematic recording with infants was an important factor in the planning of 

these experiments, and produced interesting results beyond those from the simpler 

behavioural measures. It was found that infants reaching across the midline reach with 

a higher velocity, and that reaches to smaller objects are subject to more lateral 

perturbation during the transport phase. Possible explanations for these phenomena are 

discussed above. The contribution of kinematic techniques to the clinical study of 

visuomotor control in Williams Syndrome (discussed below) was much more central to 

the results, and a more sophisticated analysis technique was possible due to the more 

constrained nature of the task.

However, some important general points should be made. Firstly, the movements of 

infant subjects are very much more variable and unpredictable than those of adults. In

205



an adult reaching experiment, for example, the subject can be instructed to reach 

quickly and accurately, and will usually follow a similar trajectory for each trial. Thus, 

even small effects can be measured using a large number of trials and computational 

analysis of the kinematic data. This is not the case with infants. From one trial to the 

next the subject’s reaches may follow a completely different and unpredictable path, 

and this variability extends into all measures which can be extracted from the motion 

tracker. This also means that automated computational analysis is not applicable and 

the entire process is much more time consuming -  each record must be classified and 

variables measured by hand.

As with any form of kinematic analysis, the choice of measures to be extracted from the 

raw data and the methodology for doing this, is central to the design of the experiment. 

The measures which were chosen in these experiments were not necessarily the same as 

would have been chosen for more mature subjects’ reaching. Attempts were made to 

choose measures which would be informative despite the great variability of the 

movements. Peak velocity is a useful parameter in this respect as it is independent of 

the number of segments in a reach and of the actual trajectory of the reach. The number 

of segments is also useful as it gives an idea of the complexity of the route taken in the 

reach. Mature reached would typically consist of one or two velocity segments, 

whereas these infant movements often consisted of four or more. It is by considering 

the effect of object parameters on these variables the use of visual information in 

developing visuomotor co-ordination could be studied.
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10.3 Clinical Application of kinematic analysis

In the investigation of the specific motor deficits of children with Williams Syndrome, 

the ELITE motion analysis system enabled a level of understanding of which would not 

have been possible using more traditional measurements alone. Partially because the 

movements under consideration in this study were more mature and regular, and 

partially due to the fact that the subjects could be instructed to perform particular tasks, 

kinematic analysis was easier and more useful than with the pre-linguistic infants in the 

earlier reaching experiments. The technique revealed that while Williams Syndrome 

appears to be a unified cluster of conditions which all suffers have to a greater or lesser 

extent, this may not be the case. The finding that there were several forms of 

performance deficits suggests that, at least in the visuomotor domain, there may be a 

number of different factors operating, and that a particular child may not be affected by 

all of them. This concords with the genetic findings that several genes are involved in 

WS (Ewart et al 1993, 1994; Mari et al, 1995; Osbourne et al, 1996) -  this variability in 

cognitive impairment could be the result of genotypic variation in the deletion. 

Alternatively, even if all WS children were affected by the same deletion on 

chromosome 7, the neuro-developmental consequences of this may be subject to a 

degree of variation due to as-yet unknown factors affecting how this is expressed in the 

phenotype. A number of possible routes by which the phenotype may be determined, 

such as the role of elastin in the development of brain structures, and the infantile 

hypercalcaemia suffered by these children, may be discovered when the other genes in 

the deleted region.are better identified.
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10.4 Suggested further research

These experiments raise a number of questions which could be addressed by continued 

research. In terms of the reaching studies, the stimuli used here were of a very limited 

range, varying only in their size. The preferential reaching design could be used to 

investigate the role that other visually-derived parameters play in the selection of a 

target for reaching. Colour, surface texture and pattern, contrast, incident illumination, 

motion and shape could all be examined in this way.

Another project which is currently under discussion is the use of virtual objects for 

reaching experiments. This is now a common technique in adult studies, but is not used 

with infants, mainly for methodological reasons. The advantage of using computer

generated objects would be that they can be manipulated very easily, making the 

running of experiments a quicker operation. This is of great importance when working
My

with infants. Also, virtual objects cai^manipulated during a reaching movement and the 

effect on kinematics observed. During the looking experiments described here, infants 

often reached for the computer screen on which the stimuli were displayed. It may be 

that methods so far only used with adults, such as LCD shutter stereo-goggles, could be 

adapted for infant use.

As mentioned above, the PL experiments found a strong bias to look first at objects 

nearer the fixation point in a competition display. There appears to be no formal 

experimental investigation of this bias in the literature, and this is an area which would 

be both useful and straightforward to study. The nature of the bias at different retinal
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eccentricities and using stimuli, for example, of different contrasts may reveal new 

understanding of the relationship between eye movements and the visual array.

The interaction between reaching movements and looking was investigated using two 

separate experiments, due to problems in recording eye movements while the infants 

were reaching. It would be more interesting to observe eye movements and reaching at 

the same time, as the looking preference in a purely visual experiment may be different 

to that preference when actual reaching is involved. Current work at the VDU uses 

video recordings to examine eye movements during preferential reaching, and it may be 

possible in the future to use a more sophisticated technology. Most current approaches 

to eye tracking require the subject to remain relatively motionless, and this constraint 

would not be easy to satisfy in infant studies. However, head-mounted eye-trackers are 

being developed, and may be adaptable for infants.

The study of orientation control in Williams syndrome also raises a number of 

questions. An important finding is that there is a great variability in the impairments of 

WS children, and this may eventually result in more specifically designed educational 

strategies. Also, if WS does include specific differential impairments in the 

dorsal/ventral systems, this may be informative both for the better understanding of WS 

and of the development of these two pathways.
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11 Appendices

11.1 Appendix A - Results of kinematic analysis for 

preferential reaching.

These are the data derived from kinematic analysis of the reaching in Experiment 5. 

Table A .l shows the means for these measures for both ipsilateral and contralateral 

reaches. Table A.2 shows the means broken down additionally across stimuli.

R esponse X-Peaks X-Vmax Y-Peaks Y-Vmax Duration
Contra- Mean 2.83 282.75 2.60 254.60 0.97

N 40.00 40.00 40.00 40.00 40.00
Std. Deviation 1.22 173.42 1.10 124.89 0.38

Ipsi- Mean 2.64 195.27 2.11 203.75 0.90
N 76.00 76.00 76.00 76.00 76.00
Std. Deviation 0.80 114.02 0.79 98.03 0.24

Total Mean 2.71 225.43 2.28 221.28 0.93
N 116.00 116.00 116.00 116.00 116.00
Std. Deviation 0.96 142.91 0.94 110.21 0.30

Table A.l -  summary of kinematic measures.
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Stimuli LM LS ML MS SL SM

c duration 1.12 0.84 0.84 1.04 1.13 0.85
x-peaks 2.20 3.43 2.50 3.22 2.71 2.50
x-max velocity 280.00 141.43 23.75 -22.78 152.86 406.25
y-peaks 2.40 3.29 2.13 2.44 2.86 2.50
y-max velocity 236.00 308.57 237.50 227.33 239.71 305.00

1 duration 0.87 0.80 0.91 0.82 0.96 1.03
x-peaks 2.70 2.22 2.56 2.40 2.62 3.31
x-max velocity 52.52 63.33 40.31 13.00 -6.54 188.46
y-peaks 2.00 1.89 2.31 2.07 2.23 2.00
y-max velocity 163.00 294.44 183.13 213.00 157.69 233.08

Table A.2 -  Means of the kinematic measures broken down across stimulus type.
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