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Abstract 

The development of action control was studied in normal infants between 5-15 months 

and in children with Williams syndrome, a group in whom it is thought that the visual 

processing stream controlling action (the dorsal stream) may be specifically impaired. In 

the first set of experiments, looking and reaching measures were taken as infants were 

resented with pairs of objects of different sizes. An increase in frequency of reaches to 

raspable objects and in the time spent inspecting objects before reaching was observed 

after 8Y2months, reflecting a developing ability to use visual infort-nation to predict the 

'graspability' of objects. There were concurrent changes in the kinematics of the reach; 
infants at this age exhibited slower reaches, with an extended 'homing-in' phase. 

referential looking measures showed that as infants get older, visual orienting to objects 
in personal space becomes less dependent on the visual salience of the object. Lastly, 

there was evidence that reaches tended to follow the direction of the first look in any 

given trial. Flexibility in the choice of a target for reaching may therefore depend upon 
the development of an ability to selectively inhibit neural circuits controlling looking 

and reaching. 
The second set of experiments investigated how far the visuo-motor difficulties 

experienced by children with Williams syndrome are due to atypical dorsal stream 
development, or in the ability to plan ahead in simple actions. The ability to adapt grip 

size to object size (a'dorsal stream') function was compared with the ability to make a 

perceptual size judgment (a 'ventral stream' function). Deficits were observed in both 

tasks, with no relative deficit in dorsal stream, compared to ventral stream function. 

Tests of motor planning indicated that children with WS are less likely than controls to 

select an initial grip that ensures a comfortable end-state posture of the arm. However, 

this ability seems to be unevenly distributed in children with WS. Further work will 

need to be done to identify whether these differences between individuals are related 

to different compensatory strategies or are correlated with the extent of the genetic 
deletion in WS. 
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1 Introduction 

In order to visually select and then reach out to grasp an object, infants need to 

transform visual information about the location, size, shape, orientation and estimated 

weight of'objects into an accurate and coordinated set of motor commands. They must 

at first attempt this using a motor system which is not yet fully myelinated (Armand et 

al. 1996) and whose output may be unpredictable (Berthier, 1994). In addition, 

prehension involves the co-ordination of functionally separate components (the hand 

and the arm), the control of which may be developing at different rates (Jeannerod, 

1988). Furthermore, if they are to avoid reaching for inappropriate objects or surfaces, 

they must appreciate the relationship between the size of an object and the size of their 

hand. A further level of processing is introduced when children start to adapt their 

actions according to the intended use of the object. So, for instance, a different grip 

might be chosen depending on whether a child wishes to pass a crayon to a friend or to 

draw with it. 

This thesis reports on a series of studies designed to investigate the normal and 

atypical development of this ability to plan and control action. These studies have 

concentrated upon the reach-to-grasp movement because of its early age of onset; 

infants start to reach and grasp objects at around 4 months. In addition, as this 

movement has been extensively studied in adults, its typical characteristics are known 

and so there is a clear end-point with which developmental data can be compared. 

There are also coherent models available of the control processes underlying 

prehension, which have been mapped onto what is known about the underlying 

neurophysiology with a fair amount of success. 
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As will become apparent in the following chapter, a number of neural 

subsystems are potentially involved in controlling eye and arm movements in adults 

(Atkinson, 2000). Relatively little research has been done into how these systems 

interact in determining motor output in infants, nor is very much known about how far 

these systems are functionally or neurally differentiated in early infancy. The infant 

studies reported here attempt to answer these questions by observing both looking and 

reaching behaviour whilst infants select and reach for objects of different sizes and 

visual pattem. 

The second part of the thesis extends the study of action control development to 

an atypical population, children with a genetic disorder known as Williams syndrome 

(WS). Because of the uneven cognitive profile associated with WS, it has often been 

claimed that this syndrome provides an example of genetically determined impairments 

in neural, and consequently cognitive, development. For example, it has been proposed 

that the visuospatial and visuornotor impairments associated with WS result from an 

impairment in the dorsal relative to the ventral stream of visual processing. Thus by 

studying how children with WS use visual information to control their actions, we may 

learn how visuornotor abilities develop in a population in which the brain structures 

normally critical to these abilities may be specifically impaired. 

This chapter will serve as an introduction to both lines of study, by reviewing 

what is known about the control of visually guided action, at functional and 

neurophysiological levels, as well as describing developmental studies. Some 

discussion will also be necessary of the selection processes that precede action. 

Literature specific to Williams syndrome will be reviewed at the beginning of chapter 5. 
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1.1 THE CO-ORDINATION OF PREHENSION IN ADULTS. 

All skilled actions involve the co-ordination of several separate components, as 

different muscle groups must act in concert to effect any action. When reaching out and 

grasping an object, the components that must be coordinated are the movement of the 

ann that brings the hand to the required location, and the adaptation of the grip to the 

size, shape and use of the object to be grasped. Observation of reaching and grasping 

movements shows that hand shaping occurs during reaching, and that it anticipates the 

properties of the target object. The two components must also be accurately coordinated 

in time - the finger grip must close at the right moment as the hand approaches the 

target. 

When the kinematics of the mature reach and grasp movement are studied, a 

number of typical features can be observed (Jeannerod, 1984; also see Figure 1.1). The 

velocity profile of the reach has a single peak, with a bell shaped profile. The fingers 

open to a maximum aperture which is strongly correlated with the size of the object 

being picked up. The time at which the fingers open widest corresponds with a 

discontinuity in the deceleration phase of the reach (a point where 'velocity became 

constant or started to increase again before the movement stopped'). This velocity 

change is thought to coincide with a reparametrisation from a body-related to an object- 

related frame of reference (Jeannerod, 1988). The proportion of total time taken up by 

each phase is relatively constant, with the transport phase taking 70-80% of total 

movement time. 

1.1.1 The visuornotor channels hypot esis 
The two components of prehension are not only separable in terms of the 

muscular movements involved but also in the type of information required before each 
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of the two components can be initiated. Hand transport is concerned with extrinsic 

properties of the object - its orientation, height and distance from the body, whereas 

hand aperture is concerned with intrinsic properties such as its size, mass, shape, texture 

or estimated centre of gravity. 

Jeannerod (1984) has proposed that in the case of prehension, separate 

mechanisms or 'visuomotor channels' exist to deal with extrinsic and intrinsic 

properties of the object, and thus that hand transport and hand aperture are therefore 

controlled by separate channels. In Jeannerod's view, the visuornotor channels are 

specialised input - output structures, which 'generate appropriate motor responses, in 

different sets of muscles, from the limited number of parameters that are extracted by 

their respective visual inputs'. Infonnation about an object's location will be processed 

in the reach channel, whereas information about its size will be processed in the grasp 

channel. There is no need, in Jeannerod's view, for these attributes to be 'bound' into a 

single object percept for a successful action towards the object to be carried out. 

The separate channels are seen as only being loosely co-ordinated in terms of 

starting and ending at the same time, but not sharing information during the action. 

Jeannerod provides a description of the temporal co-ordination of the two components 

during reaching and grasping and also provides evidence for separate control 

mechanisms. In his first experiment Jeannerod filmed subjects reaching and grasping a 

variety of objects. In some trials subjects were prevented from gaining visual feedback 

whilst making the movement - through a system of mirrors they could see an image of 

the object which corresponded in position with the actual object, but could not see their 

own hands as they reached for the object. This was not found to significantly alter 

duration or maximum velocity of the action - only affecting accuracy in that there was a 

frequent, small undershoot in grasping, though the grip was perfectly formed for the 
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object in question. This corresponds with Keele's (1968) conception of a motor 

program, as 'a set of motor commands that are structured before the movement begins, 

that allow the sequence to be perfon-ned without any peripheral feedback'. Jeannerod 

suggests that the two components share only a common 'go' signal and are then 

informationally distinct; the very last portion of the movement may be under the control 

of visual feedback in order to ensure final accuracy. 

The two components were found to be linked in the sense of 'covariation of the 

time axis', for instance the time of maximum finger grip aperture and the time where 

transportation movement reaches maximum deceleration was exactly the same in 68% 

of the trials, and varied by no more than 80 ms in the rest of the trials. Thus a limited 

number of critical points on the time axis - simultaneous release and the point of 

convergence of velocity curves - are defined by the motor program. Jeannerod suggests 

that it is this point of convergence that is the goal state of the motor program, rather 

than actual contact with the target. This allows time for final homing in on fragile or 

small objects. 

In order to investigate whether the two components of prehension were 

independent, a second experiment was then carried out in which the shape of the object 

was unexpectedly switched at the onset of movement (an elliptical object that, when 

presented 'head on', appeared to be a sphere was rapidly rotated, giving the subjective 

experience of an instantaneous change of shape). No change was observed in the 

transportation component of the action, even though the grip component had to be 

modified in mid-action. Thus, motor commands controlling prehension can be 

selectively modified during movement. However, this sudden increase in load on the 

system only affects the relevant channel, supporting the view that the channels are not 

sharing information during movement. 
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There is also developmental and physiological evidence for separate 

components. In infants (monkeys and humans) the ability to reach for an object 

develops before the ability to grasp objects successfully (Kuypers, 1962; Hofsten, 1989) 

In monkeys the difference in development times for transport and grasp components of 

prehension is thought to reflect differential rates of maturation of cortical and 

motorneuronal synapses that control independent hand and finger movements (Kuypers, 

1962, cited in Jeannerod, 1994). Also evidence from localised brain lesions in monkeys 

shows that damage to the pyramidal tract - the set of descending neurones running from 

the cerebral cortex down into the spinal cord - can cause impairment of fine finger 

movements without affecting the ability to transport the hand near to the object 

(Lawrence and Kuypers, 1968). 

Besides behavioural evidence that reaching and grasping depend to some extent 

upon different descending pathways, there is also neuropsychological and 

neurophysiological evidence that the visuomotor transformations underlying the two 

components of prehension are anatomically separable. The following section will 

describe the neuronal pathways underlying the control of manual action. 

1.2 NEURONAL PATHWAYS UNDERLYING REACHING AND 

GRASPING. 

A large body of research evidence now shows that a set of interconnected areas in 

the posterior parietal, region and pre-motor cortex are crucial to the neural processing 

underlying reaching movements. The posterior parietal cortex (PPQ lies between the 

visual areas of the brain and the prefrontal areas which control movement. This area of 

the brain is thought to be involved in the transformation of information of visual 

information about target and limb position into appropriate motor acts. (Areas of the 
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Figure 1.2 Areas of the macaque monkey cortex involved in the control of 
prehension. 

Abbreviations: AlIP - anterior intraparietal area. EPS - intraparietal sulcus. 
LIP - lateral intraparietal area. F1 - primary motor cortex, MI, area 4. MIP - 
medial intraparietal area. F4, F5 - parts of ventral premotor cortex involved in 
arm (F4) and hand (F5) movements. 7a, 7b - fixation and reaching areas of the 
inferior parietal lobule. F3, supplementary motor area. F6 - pre-SMA. SI - 
somatosensory cortex. SH -second somatosensory area. 

macaque monkey cortex involved in the control of prehension are shown in figure 1.2. ). 

The PPC is divided into superior and inferior regions by the intraparietal sulcus. 

Neurons related to visually guided reaching and manipulation have been identified in 

areas 5 and 7 and were from the start classified as reach-related and manipulation- 

related neurons (Mountcastle, 1975; Hyvarinen and Poranen, 1974). In the monkey, 

area 5 is the caudal part of superior parietal lobule (SPL), while areas 7a and 7b form 

the inferior parietal lobule, (IPL) (Rothwell, 1994). In addition, discrete areas of pre- 

motor cortex have been identified which are related to reaching and grasping. (Rizzolati, 

1997) 
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1.2.1. Reach related neurons 
A number of versions of possible 'reaching circuits' have been described that 

involve connections between posterior parietal cortex and pre-motor cortex. One such 

parietal-to-frontal circuit involves connections between the areas 7b, which is linked 

with an-n movements, and inferior pre-motor cortex, specifically area F4 (Matelli et aL 

1986) Inferior pre-motor cortex is somatopically organised, with neurons representing 

arm movements situated in the F4 subdivision (Matelli, 1986), whereas neurons related 

to hand movements are situated mainly in area F5. Cells in F4 code the location of a 

visual stimulus according to its location in the space around the body, independent of 

eye position. This kind of coding of target position is necessary for the visual guidance 

of movement (Gentilucci et aL 1988). Milner and Goodale also describe a parieto- 

frontal pathway involving ventral intraparietal cortex (VIP) and F4. 

Other workers, oppose the idea that the visual transformations underlying 

reaching take place in a serial fashion in clearly defined circuits. Instead they cite 

evidence for overlapping populations of cells in both PPC and frontal motor areas, 

which seem to form visuospatial-to-motor processing 'gradients' (see Kalaska et al. 

1997; Caminiti et aL 1998, for reviews). 

It should also be noted that interruption of the pathways between the visual areas 

and motor cortex does not completely eliminate the ability to carry out skilled reaching 

movements in monkeys. Glickstein (1998) describes a alternative pathway connecting 

parietal lobe to frontal motor areas, which passes via the pontine nuclei and the 

cerebellum. The cerebellum is thought to use efferent copy of the motor command to 

predict the current position of the limb, thereby avoiding feedback delays in the online 

control of movement (Miall, 1998). This area is also thought to be crucially involved in 

motor learning, (for a review of cerebellar structure and function, see Stein and 

Glickstein(l 992)). 
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1.2.2. Manipulation related neurons 

Manipulation related neurons are concentrated in the anterior intraparietal area 

(AIP), a small zone located within the intraparietal sulcus, (rostral part of posterior 

bank). Taira et al. (1990) identified neurons in this area which were selectively 

activated during particular grip configurations, independently of the position of the hand 

in space. Thus, these neurons were related to hand and finger movements, not arm 

movements (Jeannerod, 1996). Taira et al. (1990; see also Sakata, 1997) replicated this 

result, and went on to investigate the contribution of visual signals to the activity of 

these neurons, by measuring their activity during grasping movements made both in the 

light and in the dark. The neurons were grouped into three types: 

Motor dominant neurons showed the same level of activity whether the movement was 

perfonned in the light or in the dark. 

Visual-and-motor neurons showed less activity during manipulation in the dark. 

Visual dominant neurons were not active during manipulation in the dark. 

Other neurons in this area seemed to be related to the sight of the hand rather 

than object fixation. The activity of many of the visually responsive neurons was object- 

specific, in that they were more active during manipulation or fixation of the same 

object. (see Fig. 4, Sakata, 1997 which shows a neuron which is significantly more 

active during manipulation and fixation of a square plate, but not during manipulation 

or fixation of 5 other objects, ring, cube cylinder, cone or sphere. ) Other neurons, which 

were not so specific in their activity, nevertheless showed a preference for a certain 

class of three-dimensional shapes. For instance, some visual dominant neurons were 

more active during fixation of the round shaped objects (sphere, cone, cylinder) whereas 

others preferred the angular shapes (cube, square plate). 
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So, cells in area AEP seem to be tuned for the three-dimensional features of 

objects, when they are about to be, or are being manipulated. Sakata proposes that Alp 

receives signals about 3-d shape from cells in caudal intraparietal sulcus (cEPS). He has 

identified two kinds of neurons in this area: Some cells showed preference for a 

particular object orientation, regardless of stimulus thickness or length. Others were 

sensitive to the orientation of a flat surface, regardless of its shape. These cells may 

represent an intermediate stage of processing between visual areas and area AIP 

(Rizzolati at al 1997) 

The importance of area AIEP for the manipulation of objects has been confirmed 

in a study carried out by Gallese et al. (1994). Injection of area AEP with the GABA 

agonist muscimol, caused errors in the pre-shaping of the hand during a precision grip. 

By contrast, injection of a more caudal area of the intra-parietal sulcus caused 

misreaching. Confirmation that All? deals with visuomotor aspects of grasping is given 

by the observation that the monkey was able to grasp the object correctly once it had 

touched it. This study also provides neurophysiological support for Jeannerod's, 

visuornotor channels hypothesis. 

Area AT is directly connected with area F5 ( the post-arcuate region of ventral 

pre-motor cortex). This area also contains neurons which are related to object related 

actions. Rizzolati et al. (1988) report that most neurons in F5 in the monkey are related 

to grasping, tearing, holding or manipulating objects. 85% of these neurons are 

selective for a particular kind of grip (precision, finger prehension, or whole hand 

prehension). This would seem to be similar to the activity of neurons in AEP, some of 

which are also selectively activated during certain grip formations. Indeed, the effects of 

reversible inactivation of both areas is very similar -a deficit in grasp formation but no 

disruption of reaching. (Gallese et al. 1997). 

24 



However there are important differences (Jeannerod, 1996). The timing of 

neuronal discharge is different in the two areas. AEP neurons start to fire during pre- 

shaping of the hand, and continue whilst the monkey is holding the object. In F5, on the 

other hand, different cells fire selectively during different stages of the grasp. Jeannerod 

proposes that whilst AIP neurons represent a complete grasping action, F5. cells code for 

particular segments of the grasp. Rizzolati (1997,2000) has a slightly different 

interpretation. He suggests that AIP provides a selection of object descriptions to area 

F5. Neurons in F5 then select the most appropriate grip, according to context, and also 

code for specific phases of the grasp, such as aperture and closure. 

Rizzolati et al. also report on another class of cells in F5, which may have 

particular relevance for the representation of motor acts. These 'mirror neurons' 

respond both during the performance of a particular hand movement, and during 

observation of the same movement. Other neurons seem to encode the aim of a motor 

act, regardless of the effector used to achieve it - neurons which respond when an object 

is grasped in the hand, or in the mouth. Rizzolati believes that pre-motor cortex contains 

a vocabulary of motor acts, such as reaching, grasping or holding (Rizzolati, 1987). The 

firing of the mirror neurons may underlie abstract representations such as the 

recognition of motor events. (Rizzolati et al. 1996). He also argues for a similar 

observation/execution matching system in man, based on TMS and PET data (see 

below). F5 is itself connected to an area of primary motor cortex (MI) related to hand 

movements (Jeannerod, 1996). MI is the area of the brain from which most motor 

commands are issued, the beginning of what Sherrington (1947) called the 'final 

common path" to the muscles. Neurons in MI are even more specific in the segments 

of a movement that they code for, with many standing in a one-to-one relation with 

particular muscles. 
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1.3 HUMAN VISUOMOTOR PATHWAYS: EVIDENCE FROM 
PET/FMRI 

1.3.1. Areas activated whilst reaching, pointing and grasping 
A number of studies have used PET to identify areas of the brain activated 

during prehension (see Table 1). Grafton et al. (1996) have studied the brain areas 

involved 
'in 

reaching and grasping, using positron emission tomography. Regional 

cerebral blood flow (rCBF) was measured whilst subjects reached out and grasped 

simple cylindrical objects, and also whilst they were pointing at the same objects. A 

control condition was included in which subjects simply looked at the objects. Activity 

was increased during both reaching and pointing in primary motor cortex, premotor 

cortex and ventral supplementary areas contralateral to the reaching hand. The motor 

area of cingulate cortex, the superior parietal cortex and dorsal occipital cortex were 

also activated. Interestingly, from the point of view of a comparison with 

electrophysiological data from the monkey, there was a relative lack of activation in the 

intraparietal fissure. (Recall that areas VEP and AIP were associated with reaching and 

grasping movements in the monkey brain). Parietal activation was rather in the superior 

parietal lobe, which in humans contains Brodmann's areas 5 and 7 (in the monkey area 

7 is inferior to the IEPS). Superior parietal cortex has been associated with tasks 

requiring visuomotor transformation in a number of PET studies (Roland et al. 1980). 

Also there was no activity in ventral pre-motor cortex, which in the monkey contains- 

areas F4 and F5, areas implicated in the control of prehension and possibly the 

recognition of motor acts (see above). The only area in which blood flow was 

significantly increased during grasping an object compared to simply pointing towards 

it, was the left parietal operculum (secondary somatosensory cortex, BA 2,40. ). Grafton 

et al. speculate that this area may be involved in the processing of object shape based 
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upon tactile information, as focal lesions of the parietal operculum cause tactile agnosia 

with no loss of sensation or motor control. 

1.3.2. PET studies of observed and imagined actions 
Rizzolati et al. (1996) have extended this investigation to include observation 

and imagination of grasping actions. The aim of these experiments was to see whether 

PET would reveal areas specific to the observation of hand actions in man, similar to 

those found in the monkey (see section 1.2.2). 

In this study, the reaching movements were compared with observation of the 

experimenter doing the same movement, with simple observation of the objects as a 

control condition. In this study, a number of cortical sites were more activated during 

reaching than object observation. These were motor and somatosensory areas 1,2 3,4, 

the left superior parietal lobe , the cuneus, the left putamen and both hemispheres of the 

cerebellum. Again, there was no activation in areas corresponding to F5. Grasp 

observation activated regions in the left inferotemporal lobe (area 21) and the left 

inferior frontal gyr-us (inferior area 6 and areas 44 and 45). This area corresponds to the 

rostral part of Broca's area. Why was there no common area of activation for 

observation and performance of grasping actions, as the monkey evidence would 

predict? It may be that such an area does not exist. Alternatively, the task demands of 

these experiments may be different. There is some evidence from PET for a hand 

representation in Broca's area (see p 250, Rizzolati et al. 1996). Whilst their own 

evidence does not support such a view, they wish to argue that cells which encode both 

action and observation of action may be located in Broca's area. This permits a further 

speculation; that the origin of language may lie in the observation of meaningful 

actions. 
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Table 1.1 Areas preferentially activated in PET studies investigating brain 
areas involved in object oriented action and object identification. 

Data drawnfrom Grafton et al. (1996), Faillenot et al(1997), Rizzolati et al. 
(1997), Haxby et al. (1994). (Figures in brackets are Brodmann's areas) 

Task studied Brain areas activated 
Reaching Superior parietal lobe (5,7) 

Motor cortex (4) Premotor cortex (4) 
Somatosensory areas (1,2,3. ) 

Grasping vs pointing Parietal operculum (SH, areas 2/40) 

Grasp Observation Left inferotemporal cortex (21) 
Left inferior frontal gyrus (inferior area 6, areas 44,45) 

Face matching Ventral occipitotemporal cortex (17,18,19) 

Location matching Inferior parietal lobe (7) 
Dorsal occipital cortex (19) 

1.3.3 A model of the control processes underlying prehension 
The processes underlying prehension have been modelled by Arbib (1985, see 

Figure 1.3. ) This model consists of a hierarchically organised set of 'motor schemas'. 

A motor schema, according to Arbib, is a set of motor commands which can act as a 

unit when programming an action. Motor schemas are activated by perceptual schemas 

-a specific subset of the visual information from the environment which specifies 

action-relevant properties of objects. These schemas can theoretically be recursively 
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Figure 1.3. Model of the control processes underlying prehension (from 
Arbib,. 1981) 

organised, so, for example, a schema for a pincer grip could be contained within 

a larger reach and grasp schema, which could be recruited within a higher level schema 

for sorting mail into mailboxes. Arbib and others (see Jeannerod, 1996; Fagg and 

Arbib, 1998) have attempted to map this model onto what is known about the response 

properties of neurons in the visuornotor areas of the brain described above. However, in 

order to discuss such models, we will need to set the reach and grasp pathways 

described above into the context of other brain areas that perform object related visual 

processing. (The Fagg and Arbib model of the functional neuroanatomy of prehension is 

shown in Figure 1.4. ) 
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1.4 SEPARATE VISUAL PATHWAYS FOR PERCEPTION AND 

ACTION? 

As can be seen from Figure 1.4, the neural pathways underlying prehension can 

be functionally grouped within a broader division of visual processing in the cortex. 

Visual input from the retina is passed to the cortex along a number of separate 

pathways. In the macaque, two diverging pathways from primary visual cortex have 

been mapped in the visual system. The ventral stream, passes to infero-temporal cortex, 

the dorsal stream passes to posterior parietal cortex (PPC). Ungerleider and Mishkin 

(1982) proposed that different kinds of visual information are processed in the two 

streams. Visual recognition is thought to take place in the ventral stream, whereas the 

dorsal stream is responsible for the localisation of objects. This proposal is based on the 

finding that monkeys with lesions of the inferotemporal or posterior parietal cortex 

show different patterns of impairment. Monkeys with IT lesions were impaired in 

discrimination of visual patterns. Monkeys with PPC were less successful in using 

spatial cues to locate items of food. So the key distinction in this account is between 

different visual attributes of an object - what and object is and where it is. These two 

streams of information are seen as contributing to a unified representation of the world, 

which is then available to both the cognitive system and action systems. 

Milner and Goodale (1995) have proposed an alternative functional significance 

for the 'two visual systems'. They claim that the essential distinction between the 

ventral and dorsal streams is that they transform visual information for different 

purposes. Their argument is that visual systems delivering representations which can 

serve as the basis for further cognitive operations may be more recent, in evolutionary 

terms, than systems which directly control action. The dorsal stream, they propose, is 
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involved in the 'online' control of skilled action, whereas the ventral stream is involved 

in construction of the viewpoint-independent representations of objects which underlie 

cognitive operations and conscious perceptual experience. They cite a range of 

neuropsychological and neurophysiological evidence in support of this claim. 

1.4.1. Neuropsychological evidence 

Optic ataxia. Optic ataxia is an impairment in reaching observed after damage to the 

PPC. Patients are unable to reach accurately to objects in the visual field contralateral 

to the lesion. In Ungerleider and Mishkin's account, PPC dainage should cause an 

impairment in the 'where' channel; the ability to accurately locate objects is lost. 

Damage to the PPC, therefore, should not affect processing of the properties of objects, 

as this should be. dealt with in the 'what' channel. However patients with optic ataxia 

have problems not just with accuracy of reaching but also in forming an appropriate 

grip and hand orientation for a given object. Despite this impairment they can still 

correctly describe the orientation of an object (Perenin and Vighettto, 1988). (Also see 

Jakobsen et al. 1991, whose patient could recognise drawings of objects, but could not 

accurately adjust grasp size when attempting to pick up the same objects). 

Visual agnosia. If the key distinction between ventral and dorsal stream processing is 

between object recognition and object location, damage to the IT cortex should leave all 

object-based information unavailable for any purpose, whether it be recognition or 

action. However patient DF, with visual form agnosia, is unable to perceive size, shape 

or orientation of objects. Nevertheless, she can reach out and grasp the same objects 

quite accurately (Milner et al. 199 1). 

Further support for the division of visual function proposed by Milner and 

Goodale was provided by Goodale et al. (1996), who compared performance in patients 
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with ventral and dorsal stream damage in a task which tests the ability to identify the 

centre of mass of an object from visual cues. In this experiment two patients were 

compared in their ability to use visual information to select an appropriate grip 

configuration for objects of different sizes. One patient (RV), had a bilateral lesion of 

the occipitoparietal cortex, resulting in optic ataxia. The other patient (DF), who has 

been discussed previously, developed visual form agnosia after suffering carbon 

monoxide poisoning. This patient is unable to discriminate between objects on the basis 

size or orientation, yet is able to accurately reach out and grasp the same objects. 

The two patients and a single control subject were asked to pick up a selection of 

irregularly shaped objects using a precision grip. The points on the object boundary at 

which the thumb and index finger first contacted the objects were recorded and the 

centres of these points used to calculate 'grasp lines' passing through the object. At the 

same time, the patients were tested on their ability to visually discriminate between the 

objects. There was a clear dissociation between the patterns of impairment in the two 

patients. Whilst the control subject, and patient DF placed their fingers at points such 

that the grasp lines tended to pass through the centre of mass of the object, this was not 

the case for RV. (Interestingly, RV did correct the position of the fingers after initial 

contact, indicating that that she was still able to use tactile information to control grasp 

placement). On the discrimination task, DF was unable to tell whether pairs of the 

objects were the same or different, whereas RV and the control subject had no difficulty 

with this task. 

Patient DF was also unable to match the orientation of a hand-held card with a 

slot that could be rotated to a range of angles (a perceptual matching or ventral stream 

task). However, when she was asked to actually 'post' the card through the slot (an 
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action control or dorsal stream task), her performance was as good as that of normal 

subjects (Goodale et al. 199 1) 

1.4.2 Neurophysiological evidence. 

Milner and Goodale cite the neurophysiological evidence that there are networks of 

cells in the parietal and frontal lobes of the monkey cortex that seem to be involved in 

the transformation of visual information from retinal to body-centred reference frames 

as well as in the control of arm movements (see above, section 4.2). In particular, the 

presence in area AIP of cells that fire preferentially when the same object is fixated or 

manipulated (the visual-and-motor neurons described in Sakata, et al. 1997; see section 

1.2.2), seems to indicate that PPC is involved in the coding of the intrinsic features of 

objects. This would not be predicted under the 'what/where' distinction proposed by 

Ungerleider and Mishkin, but is consistent with Milner and Goodale's view that the 

critical aspect of the dorsal stream is its transformation of visual information for the 

control of action. 

1.4.3. The ventral dorsal distinction - evidence from brain imaging studies 
PET has been used to try to resolve the question of whether the ventral dorsal 

distinction is primarily a "what and where" distinction or whether the dorsal stream is 

primarily concerned with visuornotor tasks. Some studies have shown differential 

activation in dorsal and ventral stream areas during location and identification tasks. 

However, there is also clear evidence from PET that dorsal stream areas in humans are 

involved in reaching and grasping (see above, and Table 1). 

Haxby et al. (1994) used PET to demonstrate a double dissociation between 

cortical areas involved in face matching and location matching. Regional cerebral 

blood flow was greater in both matching tasks than in a control task in which the 

subjects had to make the same motor act (a button press) and saw the same 
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configuration of stimuli. Both matching tasks gave rise to increased activity in primary 

visual cortex and posterior extrastriate cortex. However, in the face matching task, 

increased activity was also observed in ventral occipitotemporal cortex (BA 17,18,19), 

whereas location matching resulted in increased activation in dorsal occipital cortex ( 

BA 19)and the inferior parietal lobule (BA 7). An area that contributes to both tasks 

was observed in dorsal occipitoparietal cortex. 

Faillenot et al. (1997) have compared rCBF in subjects performing shape 

matching or grasping tasks. A pointing task was used to subtract out the motor aspects 

of the grasping task. Dorsal stream areas contralateral to the reaching hand were 

preferentially activated during the grasping task, whereas right ventral stream areas 

were activated during the matching task. When grasping was compared with pointing, 

an area of parieto- insular cortex (BA 2,40) was activated (closely corresponding to 

that observed in the similar condition of the Grafton et al. (1996) experiment, which 

they refer to as the parietal operculum). One area was found to be activated in both 

tasks, the junction of Brodmann areas 7 and 19 (this area was found to be activated in 

both location matching and location working memory tasks in Haxby et al. 1994 and 

Courtney et al. 1996). As discussed above, this evidence of dorsal stream involvement 

in shape recognition speaks against a strict segregation of function between the two 

streams. Further evidence that the distinction between processing streams may not be 

anatomically clear-cut has been provided by Braddick et al. (2000), using a pair of tasks 

designed to compare dorsal stream function with ventral stream function, the motion 

andform coherence tasks. The motion coherence task tests the ability to perceive a strip 

of dots which move as a group, amongst other dots which move in random directions. 

By varying the ratio Of coherently moving dots to randomly moving dots (the signal to 

noise ratio) a motion coherence threshold can be determined, which serves as a measure 
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of the function of motion processing areas in the brain, including area MT. A 

corresponding measure of ventral stream function is the form coherence task, which 

tests the ability to perceive a circular shape, composed of short line segments oriented at 

a tangent to concentric circles, amongst randomly oriented line segments. This task has 

been previously used as a measure of ventral stream function (e. g Atkinson et al. 1997). 

Braddick et al. found that independent, but contiguous areas in both ventral and dorsal 

streams were preferentially activated by these stimuli. 

1.4.4. Evidence that complicates the simple picture. 

Jeannerod. (1997) sees the idea of a simPle dissociation between a dorsal stream 

subserving action and the ventral stream subserving object perception as being too 

clear-cut: 

Firstly, there is some evidence to suggest that the object-orientated behaviour in 

patients with visual form agnosia may not be fully preserved. In other words what is 

preserved in DF is not a fully functioning system for visuomotor transformation, but a 

subsystem which produces automatic responses in conditions of impoverished input. 

Perenin and Rossetti (1996) report on a patient (PJG) with hemianopia of the right 

visual field. Objects were presented in the hemianopic field. The patient was asked 

either to produce movements toward the objects or to match the size or orientation of 

the same objects. In the reaching task, orientation and grip aperture were adapted to 

object properties, whereas in the matching task, there was no correlation between object 

orientation and the orientation of the hand or between object size and grip aperture. 

However, this patient's lesion was not in ventral stream areas, but in VI. According to 

Jeannerod (1997) this means that the preserved object oriented behaviour in Perenin and 

Rossetti's patient PJG (and maybe in DF too), is due to preserved subcortical 

connections to the dorsal system. He proposes that DF and PJG are using a' primitive 
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system for fast and crude reactions to visual stimuli, that may only operate in situations 

in which there is time pressure, or where there is decreased awareness'. PJG was unable 

to make correct responses to object size or orientation in the blind hernifield when a 

delay was imposed between stimulus and movement. (Jeannerod, 1997). Evidence 

against this view is that DF is able to experience an orientation-contingent colour after- 

effect (Humphrey et al. 1991). As there is no evidence of colour processing in 

subcortical pathways to the dorsal stream, this would suggest DF's preserved abilities 

are not purely sub-cortical in origin (Milner and Goodale, 1995; p. 135). 

Secondly, there is PET evidence from Faillenot et al. (1997) which shows 

increased rCBF in both IT and PPC during object matching tasks (see below). 

Thirdly, Jeannerod et al. (1994) present evidence for a contribution of the 

ventral stream to prehension in a patient with with optic ataxia. The patient showed 

impaired matching of grip size to objects, but was similar to a normal control on a 

perceptual size-matching task. The patient's performance improved, however, when 

familiar objects of similar size and shape to the 'neutral' objects used in the first 

experiment were used, suggesting that recognition/perceptual processing of form was 

intact and that information from object recognition aids visuomotor transformation. 

1.4.5. A model of neural pathways underlying reach and grasp movements 

Figure 1.4 shows the Fagg and Arbib model of how the grasping process is 

implemented in the brain. This model assigns a key function to area AT as a point at 

which the ventral and dorsal streams interact in the processing of object affordances. In 

this model, visual input is passed to area PIP (refeffed to as cIPS in the discussion of 

Taira et al's study above), where different classes of objects are represented. The 

object classification is then passed to area AIP, where a set of possible grasp 

configurations are calculated. Input from area IT provides default grasp parameters for 
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familiar objects in pathological cases where input from the dorsal stream is disrupted 

(see section 1.4.4. ). In the normal case, this link between the ventral and dorsal streams 

may alter the calculation of an appropriate grasp in the light of the context of the action 

(for example, in choosing between the different grasps afforded by a stick and a pencil 

of the same diameter). As reviewed in section 1.2.2, it is thought that the set of possible 

grasps for a given object is passed to area F5, where a final selection is made. 
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Figure 1.4. Model of neural pathways underlying reach and grasp movements, 
(From Fagg and Arbib, 1998) 

PIP: posterior intraparietal cortex (also referred to as cIPS). AIR anterior intraparietal 
cortex. VIP: ventral intraparietal cortex. BG: basal ganglia. SI, SII: somatosensory cortex. 
MI primary motor cortex.. IT inferotemporal. cortex. 
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1.5 SELECTION FOR ACTION 

The evolutionary function of the various processing streams described above is 

to accurately adapt the reach and grasp to the properties of the selected target. 

However, it is rare for there to be just one potential target for action in the visual field. 

We are usually presented with a complex array of different objects and must therefore 

first select between alternative targets, and then accurately specify the action according 

to the properties of the chosen object. This creates what Allport (1987) has termed the 

selection for action problem. Neumann (1990) has divided this problem into two 

components, selecting the how to perform an action (parameter specification) and 

selecting between alternative actions (effector recruitment). Parameter specification 

refers to the selection of appropriate parameters to control an action towards a single 

target, for instance the extent and direction of an arm movement and the time at which 

the hand starts to close when catching a ball. Neumann believes that this form of 

selection for action takes place automatically in dedicated control structures without the 

need for ongoing visual attention. 

'In neural terms one may think of such control structures as systems of interconnected 

neurons, extending from the analysis of sensory input to the innervation of motor 

control units; that by means of specific neuronal connections, translate specific stimulus 

properties into specific action parameters'. 

Jeannerod (1984) has proposed that the reach to grasp movement in man is 

controlled by 'visuomotor channels' with just these properties. Whilst such mechanisms 

are intrinsically selective, in that they only accept as input those parameters that are 
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directly relevant to their output, they are unable, in Neumann's view, to cope with the 

situation where there is more than one potential target for action. 

In order to solve this kind of problem, of what to do rather than how to do it, an 

attentional mechanism is needed which determines which environmental information 

will act as the input to the control structures that specify action. What structures in the 

brain are involved in the two processes? The research reviewed above (section 1.4) 

suggests that the dorsal stream, in conjunction with premotor areas, is responsible for 

parameter specification. In other words, once the target has been selected, dedicated 

control structures translate visual input into motor commands which drive a saccade, or 

adapt the reach and grasp movement to the properties of the object chosen. (In some 

cases, such as a saccade to a suddenly presented stimulus, the operation of a control 

structure may be mandatory. This is what Neumann calls selection without attention. ) 

Object selection, on the other hand should involve ventral stream structures 

involved in object recognition. Recent research with adult humans (Deubel et al. 1998; 

Meegan and Tipper, 1999, Castiello, 1996), and monkeys (Goldberg and Segraves, 

1987), suggests that where subjects are presented with an selection of objects, all 

objects in the array are processed as potential targets for action in the dorsal stream. 

When a target is selected by identity-selection processes, which involve both the ventral 

stream and prefrontal cortex (Chelazzi et al. 1993), competing motor representations 

must be inhibited, or the selected representation enhanced in order to initiate action 

towards the desired object (Meegan and Tipper, 1999). 

What about the ability to select an object on the basis of its grasp affordances, as 

opposed to adapting the grasp to those affordances once the object has been selected and 

an action initiated? As a recognition process, this might seem to need ventral stream 

information. In this case, the attended object would be compared with stored 
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representations, either derived from recent experience with the experimental objects or 

perhaps of prototypical graspable objects. If the object is recognized as graspable, then 

control structures in the action stream are set in train to initiate and specify the 

parameters for an action towards the chosen object. However, Castiello (1999) 

proposes that the parameters for action are only prepared for attended objects. It is 

therefore possible that giving attention to (and therefore implicitly preparing action 

towards) an object could also result in action stream information about affordances 

being delivered to target selection mechanisms, without the need to access stored 

representations. This suggestion is supported by Fagg and Arbib, (1998; see also 

Rizzolati, 2000) who propose that when an object is presented, a set of potential actions 

are prepared towards that object in area AEP and that the choice of action to the 

attended object is determined by in area F5. The developmental implications of this 

possibility are that the specialization of dorsal stream units for the computation of object 

affordances would be critical not just for the online control of action, but also for the 

basic ability to parse the visual world into objects that do or do not afford action. 

1.6 THE DEVELOPMENT OF PREHENSION IN INFANTS. 

The mature pattern of prehension is not reached in children until the second year 

of life. However, even newborn infants show signs of directed arm movements towards 

objects (Hofsten 1982). Some researchers have claimed that signs of early reaching 

movements reflect an innate organization of the motor pathways which subserve 

reaching. How does this ability develop in the first months of life? As noted above, the 

n1k ability to reach for an object develops before the ability to grasp objects successfully 

(Hofsten, 1989). This may reflect differential rates of maturation of pathways that 

control independent hand and finger movements (Kuypers, 1962). Alternatively, the 
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processing of object attributes necessary to grasp an object may be more complex than 

that for a reach, especially as a successful grasp may depend upon the coordination of 

two separate visuornotor channels. 

1.6.1. Reach development in neonates 
Bower, Broughton and Moore (1974) claimed to have demonstrated the 

existence of aimed reaches in neonates. However, attempts to replicate this study were 

unsuccessful (Dodwell, Muir and DiFranco, 1976; Ruff and Halton, 1978). Trevarthen 

(1984) also describes aimed reaching in very young infants. He presented small objects 

at eye level to infants between one and two weeks of age. He observed that infants 

tracked the objects with coordinated head and eye movements, and also reports that 

infants made small hand and arm movements towards the objects. On occasion these 

movements resembled a fluid reach-to grasp movement, with maximal finger aperture 

occurring at the point at which the wrist achieved maximum height. He proposes that 

these movements are a pre-functional expression of a prefonned motor program for 

prehension, which may even be present in the fetus. Trevarthen (1990) suggests that 

this 'pre-reaching' is (a) a primitive fonn of the mature reach and grasp movement, and 

(b) related to neural programs which evolved to organise cyclical sequences of 

movements in other vertebrates. 

However, as Trevarthen himself admits, 'pre-reaching' could also be elicited by 

stimuli other than objects, such as sounds, and were often spontaneously performed 

with no obvious triggering stimulus. It was not until the three-dimensional 

characteristics of neonates' movements were studied by Hofsten (1982) that convincing 

evidence of aimed movements towards objects in neonates was provided. Hofsten found 

that forward extensions of the arm made when the object was fixated showed a smaller 

deviation from target direction than those movements initiated without fixation of the 
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target. This implies that visual and proprioceptive maps of space are at least partly in 

register at birth. Hofsten contends that this early linking of looking and reaching has an 

attentional rather than manipulative function. "When the neonate looks at and reaches 

for an object, both the reaching and the looking are parts of the same orienting response 

toward the object. " (Hofsten, 1982) However, it is possible that these 'pre-reaching' 

movements are be an adaptive precursor to visually guided prehension (Trevarthen, 

1974). 

1.6.2. Kinematics of the developing reach 
Hofsten (1979) divided infants' movements according to phases of acceleration 

and deceleration into "functional units", consisting of one acceleration phase and one 

deceleration phase. This follows a classification system used on monkey movements by 
I 

Brooks (1974). The assumption is that each movement unit is programmed in advance 

and cannot be revised until it has been completed and feedback of the resulting hand 

position has been received. Adult reaching movements typically consist of one 

movement unit (see section 1.1 and Figure 1.1). Hofsten (1989) has charted four main 

changes in the characteristics of reaching between the ages of 19 to 31 weeks. It should 

be noted that Hofsten's results are based upon infants reaching to an object placed at 

nose height, so infants are effectively reaching upwards to contact the object. 

1. The order of 'functional units' started to approximate that of the adult reach. The first 

phase of movement towards the object was more likely to be the longest by the end of 

this period than at the beginning. 

2. The proportion of the movement taken up by this initial 'transport phase' grew from 

46% to 69% during the period of the study. 

3. The number of units in a reach declined 
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4. Reach trajectories straightened out. (Straightness measured as distance covered during a 

reach, divided by the shortest distance between the ends). 

Why should infants' early movements be planned as a series of small sub-movements? 

Berthier (1996) has proposed that for young infants there is a lot of uncertainty in the outcome 

of any particular motor command. In this situation the optimal strategy is to move in a 

sequence of several sub-movements. However, Mathew and Cook (1990), have questioned the 

assumption that infant reaching movements are a sequence of ballistically aimed sub- 

movements, and present evidence for within-segment corrections. Reach trajectories from 

infants between 4.5 and 7 months were analysed. Whilst points of lowest hand speed were 

associated with change in direction of movement towards the target, it was also found that, 

within movement sub-units, trajectories were curved towards the target. 

This suggests that continuous correction of the movement was taking place, especially 

as movements veered towards the target from a variety of starting directions. However, it is 

also possible that motor synergies for straight reaching may be immature. Out et al. (1997) 

also claim that multiple segment reaches do not consist of discrete sub-movements, but result 

from inadequate compensation for the natural tendency of the arm to oscillate. However 

some researchers, working from the 'dynamic systems' perspective contest the idea that the 

stereotypical pattern found in mature reach trajectories is an expression of an innate program 

for reaching such as that proposed by Trevarthen. For example, Thelen (1998; see also Sporns 

and Edelman, 1993) contrasts this view of motor development as an 'inside out' process, where 

maturation of the required neural substrate is the main factor which drives motor development, 

with an alternative view which takes much more account of how the protracted and complex 

process of learning to reach determines neural development. Konczak and Dichgans (1997a, b) 

have carried out a longitudinal study of reaching movements in infants aged 4 to 36 months. 

Using the Elite system, they recorded reaching movements to single objects, which were 

presented at shoulder height and to the right hand side of the infants. Elite markers were placed 

on the elbow and shoulder as well as the hand, which allowed them to analyse the 
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kinematics of the reach trajectory, angular kinematics and intersegmental. dynamics (see 

note above on biomechanics). 

Reach kinematics. Between 16 and 24 weeks, the number of movement units in the 

reach decreased, hand paths straightened and movement time decreased dramatically. 

Between 24 weeks and 2 years these parameters converged gradually towards adult-like 

levels. Konczak et al. characterise this developmental sequence as a period of rapid 

improvement in the 5 weeks following reaching onset, followed by an extended period 

of 'fine-tuning' between 24 weeks. and 2 years of age. 

Angular kinematics. In infants up to 2 years of age, the onset of shoulder flexion and 

extension of the elbow was not set into a consistent timing pattern. Elbow extension 

could either precede or follow shoulder extension. After 2 years, and in adults, a pattern 

emerged where shoulder flexion reliably preceded extension of the elbow. When joint 

kinematics and hand paths were compared in infants aged 9- 15 months and adults, it 

was evident that although hand paths in infants and adults were similar they were being 

produced by different patterns of angular displacement of the elbow and shoulder. This 

implies that infants at this age have not yet arrived at a stable solution to the degrees of 

freedom Problem (Bernstein, 1967). (The degrees of freedom problem arises from the 

fact that, given a multi-jointed arm, a movement to a target can be accomplished in an 

infinite number of ways. ). 

Joint forces. A developmental trend was also observed in the relative timing of 

maximum joint torques, as would be expected from the kinematic measures. The point 
I 

in the reach at which the peak muscle torque was produced at the elbow was initially 

very variable, with a mean of 50 % of total movement time at 20 weeks. This value 

decreased to a near-adult level (28%) in the next three months. 
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Thelen, Corbetta, and Spencer (1996) carried out a longitudinal study of reaching 

movements in four children to a single object presented at shoulder height. Kinematic 

and electromyographic measurements were taken once a week from 3-30 weeks and 

once every two weeks between 30 and 52 weeks. In the 1996 study they report on 

measurements taken in the 2 weeks before and after the onset of reaching (the first 

week in which each individual infant consistently contacted a toy presented to them. 

Each infant achieved this skill at different ages; 11,15,21 and 22 weeks. Thelen et al. 

could find no evidence that a pre-reaching pattern is transformed into a mature reach. 

Rather, for each infant, reaching emerged from a different pattern of background motor 

activity. Two infants displayed a typical pattern of forceful movements, which had to 

be damped down to achieve successful reaching, whereas two quieter children had to 

generate faster and more forcible movements. The first successful reaches in the more 

active infants were 'high speed swipes' whereas those of the less active infant were 

slower with more controlled trajectories. Thus, the development of controlled mature 

reach trajectories for these infants involved different modifications of initially 

successful strategies. In Thelen et al's words reaching 'posed a different dynamic and 

biomechanical problem for each child'. Different 'motor sets' gave rise to different 

patterns of interjoint coordination, reach trajectories and distribution of forces 

governing the reach. 

The infants also did not show a smooth transition to a mature reach pattern. 

Each had periods of improvement in accuracy and efficiency of the reach, followed by 

periods of instability and poor control where a pattern of faster movement was observed 

in both reaching and non-reaching movements. (Thelen suggests that infants may 

simplify the reach by 'freezing out' degrees of freedom in the arm , for instance by 

locking the elbow joint. When this is released there may be a period of instability 
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whilst the greater potential variability in the movement is coped with). All infants 

settled into a pattern of improved reaching between 30-36 weeks, 'with little further 

improvement by the end of the first year'. Konczak et al's finding that stereotypical 

reach kinematics are not displayed until 2 years is based upon his finding that the 

variability in reaches continues to decrease after the first year of life. At I year Thelen's 

four infants showed an average of between 1.4 - 1.88 movement units in their reaches, 

whereas the velocity profile of the adult reach is typically unimodal (i. e. consists of I 

movement unit). Konczak reports that one-third of reaches at 15 months showed a 

unimodal velocity profile; by 2 years this proportion was over 75%. 

1.6.4. Grasp development 

In neonates, the- hand tends to open during arm extension, whether or not the 

infant is looking at an object. (Hofsten, 1982). However, around the age of 2 months 

this coupling of arm and hand movements starts to break up. Hofsten (1989) reports 

that infants at 2 months started to close the hand as the arm extended, again whether or 

not the infant was looking at an object. By 3 months, infants are starting to open the 

hand during reaching, in response to the presence of an object. By 5-6 months the 

infant is able to successfully reach out and grasp an object. 

Grasping an object requires 

1. That the hand be correctly configured according to the size and orientation of the 

object. 

2. That the closing of the hand be accurately timed; the movement is more efficient if 

the grasp starts in anticipation of, rather than as a reaction to, contact with the object. 
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Adaptation of the grasp to object size 

Hofsten and Ronnquist (1988) compared both the timing of grasping movements 

and the relation between hand aperture and object size in adults and infants at 5-6 

months, 9 months and 13 months. They showed that all the infants were capable of 

anticipatory grasping; however, the younger infants (between 5-6 months) started to 

close the hand earlier than older infants and adults. Hand aperture was geared to the size 

of the object only in the older infants and adults. However, as Hofsten points out, this 

result may simply reflect the fact that hand aperture was measured between the ends of 

the thumb and forefinger. (Infants at this age do not primarily use the ends of the fingers 

when grasping objects but tend to grasp objects with the palm and the bottom part of the 

fingers. ) 

Infants may be able to compute the grosser characteristics of objects, i. e. 

whether they are too big to pick up, before they are able to accurately calibrate grip size 

to object size. One way to test this is to observe the presence or absence of a reach 

towards a single presented object. Here the underlying assumption is that if more 

reaches for 'graspable' objects are observed, then grasp-relevant object properties are 

influencing whether or not the infant attempts a reach. Another means of determining 

whether infants are able to adapt the grip to the characteristics is to observe the kinds of 

grip that infants use when grasping objects of different sizes. 

Halverson (1931) filmed infants aged between 16 to 52 weeks whilst 

grasping aI inch cube. He proposed that there was an orderly developmental 

transition in the grip configurations used by infants; from the predominant use of 

grips involving the underside of the fingers and the palm of the hand CPower' 

grips) to grips involving opposition between the thumb and one or more fingers 

('precision' grips), starting at around 20 weeks. Butterworth et al. (1997) have 
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carried out a partial replication of Halverson's study. They presented 37 infants 

between 24 and 83 weeks with spheres and cubes, measuring between 0.5cm to 4 

cm across. The objects were presented one at a time suspended on string in front of 

the infants and. Infants were grouped into 4 age groups, 6-8,9-11,12-14, and 15- 

20 months. Halverson's finding that the number of power grips used by the infants 

decreased with age was replicated. Infants in all age groups also used more fingers 

in the grasp as object span increased. However, this study does not provide clear 

evidence that infants are able to use visual information to specify the grip, as 

Butterworth et al. do not report on whether the grip was prepared in advance of 

contact with the object. Newell, Scully, McDonald and Bailleargeon (1989) have 

demonstrated that in infants as young as 4 months there is a systematic relationship 

between the size of the object and the number of fingers recruited in the grip (see 

also Newell, McDonald and Bailleargeon (1993). However, the ability to use visual 

information to specify the number of fingers used in the grip seemed to develop 

later. Only in infants at 8 months was there clear evidence of the grip being 

prepared in advance of contact with the object. 

Siddiqui (1995) has carried out a study that observed both the kinds 

of grip used and the frequency of reaches to objects of different sizes, ranging from 

0.5cm to 14cm in diameter. She reports that infants as young as five months are 

able to use different grip configurations according to object size; and that they use 

visual information to do this. Younger infants were less likely to reach for the 

smaller objects. Also the number of grasps using two or three digits increased 

significantly with age, as the number of whole hand grasps decreased. Siddiqui 

believes that this increase reflects the increasing availability of differentiated finger 

movements as the corticomotoneuronal tract matures. Infants may be able to 
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