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Abstract

The purpose of this thesis was to examine visually guided movements
of the upper limbs which approximated normal reaching behaviour, and to
describe the productiom of these movements on the basis of a number of
interrelated measures. \Mést’previous studies of visually directed o?
visually triggered limb_moxfments haa nog provided complete descriptions
of the behaviour. The series of studies included in this thesis
required subjects to point quickly and accurately to small visual
targets presented lateral to a visual fixation point, on an otherwise
featureless screen. The mos£ cowprehensive description of the subjects'
thaviour was performed‘ih Study 1. The remaiﬂiné two studies examined
issGes which were raised by the analysis of Study 1.

In, studies 1 afnd 2 the kinématié characteristics pf the limb
movements were examined by a frame-by-frame analysis of video records of
the subjects’ per;éi;ance. The use of visual feedback information in
the g%edance of the limb was evident from F;e modific;tions in
trajectory during periods of low velocity at the end of the movements,
and also from the increased accuracy and longer movement duration when
the subjects pointed to p;rsisten; rather than briefly visible targets.
Studies 1 and 2 also revgéied that reaches of either limb which crossed
the body axis were execdted-much less efficiently, in terms of movement
velocity, .than those performed within the extrapersonal space
ipsilate;al to the limb being used. As long as the subjects fixated a
point directly in front of their body axis before the target was

presented, these ipsilateral reaches were also initiatef more quickly

and were more accurate than reaches which crossed the body axis. Unlike
. x o
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-movement. velocity, the latency and accuracy of the limb movement were -
' .

altered when the subjects fixateé an epcentric point so that the visual
field did not correspond to extrapersonal space relative to the body
axis. |

Studies 1 and 3 investigated the relafionship between ocular and
manual movements in the production of visually directed limb movements.-
In both studies a low but statistically significant correlation was
found between the laténc§ to initiate movement of the eyes and hand.
The results of Study 3ﬂsuggeste§ that this correlation may be reduced by

previous trials in which only the eyes or the hand were directed to the

target, In. Study 1 the eye and limb.movemént latencies were lower for

- ' *

ipsilaterally presented targets and for blocks of trials in which the
subjects reached with their right hand.

| In summafy the findings illustrated how the position of a visual
targe£ within ex;rapersonal space affects the programming and execution
of a limb movement directed to that position. The results suggested
that the programming of such visually directed,li;b movémehts involves a
hemispﬂérically organized ngtwork of cortical ar;as, and that this

network,ﬁ@y be invq}ved in the integration of sensorimotor information-

for the ocﬁlar motor system as well as the manual motor system.

w
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General Introduction

Fossil records-suggest that.the adoption of an upright stance was
one of the earliest and most significant developments in hominid
evolution. Man is distinct .from other primates in his vertically

upright stance ‘and bipédal locomotion. The adoption of this posture

requires extensive modifications of the skeletal-muscular system

’ ) .
relative to quadrapedal primates such as monkeys or semi-erect apes such

as the chimpanzee (Hooten; 1936). Since they lack theése modifications,

apes are able to walk only short distances when using just their lower
+ . * /4

limbs. Anyone who has chased after even a small animal such as a

y
P ”

domestic cag or a rabbit will quickly realize that bipedalism is a very

inefficient method of running (Lovejoy, 1980; ag cited in Johanson and

-

Edey, 1982). Therefore, the adoption of upright posture and two-legged

locomotion by man's early ancesto;@ must have yielded some other

7

selective advantages to outweigh'the disadvantage of inefficient

1
running. -7
] : [ N

QQe clear advantage of upright walking is that it allows the uppert

LY

limbs to be-used for a variety of new adaptive behaviours. Althoﬁgh it

has been suggésted that tool use may have been such a behaviéur, fossil

“-
e ’ 13

records of fully bipedal hominids precede any evidence of tool
manufacture by as much as one million years (Johanson and Edey, 1982).
The inczfgsed ability to carry slowly developing infants and fpodstuff
over substantial distances may have provided a selective advantage
sufficient té o;;rcome the decrease in running ability (Lovejoy, 1980;

as cited in Johanson and Edey, 1982), but the use and shaping of aooden

tools which did not survive ag archeological evidence, may have occurred

’
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very early. Although the exact temporal relationship is uninown,. ) .

freedom' of upper.limb movement from }ocomption undoubtedly *preceded the
eventual development of the manufacture of tools whicH coyld be carried
from place to place. This Eransport of tools is a truly unique aspect

of human behaviour (see Beck, 1980, page 220, for review).

The mahufacture and use of tools by man requires precise visual
guidance of upper limb movemént, but such preocision is evident in the
behaviour of other primates as well. The use of the upper limbs for
prey=-catching, and for locoﬁotion through the trees, also requires a

well-developed system of visual motor control. This is perhaps best

illustrated by the. gibbon who uses his long arms to swing from branch to

~branch through the forest. Brachiation, as this form of locomotion is
known, places a.gigh demand on the accuracy of visually guided limb
movements. It is unclear whether the ancestors of héminids used
brachiation prior to bipedal i0comotion. However, the skeletal-muscular
system of the gibbon‘resemble§ that of modern man more than any other

. primate (Hooten, 1936), and like man, the gibbon is truly bipedal when
walking, although&this ability is poorly developed,

Sarnat and Netsky (1981) have discussed the progable evolutionary
history of,tﬁe visual control of motor behaviour which is evident in
primates, and some of their théughé% are desc;ibéd below. The keen
sense of vision anq high degree of visual motor\control probably
developed at a very early sfaée ;n primate evolution; The forest

environment in which prosimians lived placed a highér demand on the.

visuval sense than olfaction, and required good coordination between

‘ movenents of the eyes and limbs. ' Improved color vision may have

resulted in the ability to extract more information from the vikyal -

- ~

’
.
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environment. The shift of the dyes from.a lateral to a.fgrward position
* »

. :
in the skull provided a large overlap in the visual fields.of’ the two
eyes, and allowed the use of stereoscqpic'cues for the perception of

depth. Frontal eye placement is also found in' a number of non-primate

-

species, and may be related to a changes from herbivorous to carnivorous
diet since improved depthﬁpercepti&n certainly aids in the capture of
moving prey. The ability to use visual. information to locate and seize

prey with the forelimbs, that developed in prosimians, could, have

provided the basis for the fine visual control of 'limb movement

possessed by later-evolving primates, and perhaps best developed in man,

The precise visual control of limb movement may, in turn, have

I4

provided a basis for the development of other complex human behaviours.
It has been suggested that the deQelopment of human language may be

based upon the skilled ppoauction of manual movements. This conéept
o F

r

holds that human communication began in a gestural rather than a vocal

form, and that it may ‘have arisen from the precise manual control
developed for tool use. A full historical review of this gestural

. : \ ‘
theory of human language origin has been discussed by Hewes (1976). The

close association between disruption of speech (aphasia) and manual

movement (apraxia), following localized brain damage in humang, suppo?ts
thi; theory (Kimura, 1979) . -

Human evolution is a complex subject with many unanswered questions
and very liﬁth data from which to formulate answers. JThe environmental
préssures responsible for the morphological and behavioural changes. of
hominids remain unclear. However, it appears that the development of

precise visual control of limb movements occurred early in the evolution

of all primates. The adoption of bipedal locomotion by hominids

-



‘perception, there ha
|
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.

provided freedom of upper limb movement which allowed the development of

tool use, manufacture and transport. The precision of manual-movement

aSQQ;}ated with the use of tools may, in turn, have formed the basis for

N\

systems ®f communication. Thus from man's early beginnings visualdy-

guided limh movements have been an important component of our .

N ' w\

behavioural repetoire, and they remain so today. ' . S

Human mot behavicur, in general, is detéMmined to a large extent

1

by our use of vispal information. Although behavioural responses have

o

provided the dependent measures for év§ariety of studies-of human vigual

been felatively few detailed studies of visual
motor behaviour. Fér example, manual reaction time to the onset of a
stimulus has often £een u gd as a meaéure of the time requiredng
process and perceive information, but experimenters ﬁave less frgéuently

examined the manner in which movement appropriate to a particular

stimulus is programmed and executed. In part, this lack of. attention

may reflect the difficulty in determining, categorizing, and measuring

the relevant parameters of human motor behaviour. Many researchers have

looked upon man as an organism that passively takes in and processeé
< ' \ '

sensory informatioh to form a perception of the external world. Since
. 4 Vd .

perceptual ability can be inferred only from a»béhavioural response, be

it a verbal statement or some.other form of *movement, it is difficult to

M ‘

differentiate the information processing necessary for perceiving, from

the sensory-motor processing of -the movement. In fact such a

1 »

differentiation may be meaningless. Some authors (Butter, 1979) have

»

suggested that perception is a gbal-difected;aétivity, which depends
' ’ ’ -

upon the intefﬁctaon of afferent sensory input with efferent motor

output. Butter has argued that visual recognitiqn results from the-

-

- 4 T

e
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comparison of reafference.of visual 'scanning movements to an internal

ce signal, but the issue of whether perception and behaviour can,
R . ;

. L .
e considered as distinct processes remains unresolved,

2
¢ Gibson (1957) first suggested that our perception of the .

L

orientation of objects and of ourselves within the external environment,

depends upon dynamic processes associated with movement. This is an

important concept in understanding the use of visual informatidn ‘in the
' -

congrol of movement. .As nﬁ pointed out, convergence of fhe reflectea
rays of light from én illuminated environment,, onto the eye of an'animél
constitutes an "optiprarray". For a behaving animal thi; optic array
undergoes constant t;ansformations._ Gibson (1957) suggested that ;he
pattérn of transform;tion which accompanies,locoﬁotion°"provides
'feedback' stimulation forvthe control and guidance ,of 1ocom6tor

. " o

behaviour" (page 185), and proposed the term "visual kinebthesis" to

describe this process. The information which is provided by visﬁa{/
-

-kinaesthesis is displacement of the body relative to the visual world.

3
For an animal moving throujh a textured visual environment this

information is of vital 1mportahqe. That visual kinaesthesis is

important in controlling human behaviour is evident from the results of °

+

stydies which have placed it in confliét with other sensory systems.
Brandt, Dichgans and Ko.'ig (1973) have describeéd the manner_4in which

rotation of the Visual environment about seated human subjects leads to

r"apparent‘Self-rotatipn...which is undistinguishable from an actual

chair rotation" (page 476). By moving the visual énvironment

Lishman and Lee (1973) reported visual dominance over the perception of
AR

motion for passively or actively moving subjects. The use of visual

information was also demonstrated by a behavioural measure in
R M v o,



- 2

which body sway was measured for normal human adults, during attempted

- - s

maintenance of an upright stancq‘(Lée and Lishman, 1975). Movements of '

v

the visual surroundings were found to affect body movements directly,

. B - > - T
R during normal standing and during the maintenance of unusual postures

~

, - which altered pfgprioceptive information. , . Ty
a . . u N PR

The moto‘ behaviours which depend upon the constant use of visual

o~

information, provided by changes in visuval input for their control, need

]

not be limited ta locomotion or the maintenance of posture. Most human
behaviour takes place with reference to objectg(or-places within the

space surrounding‘ué. Attaining ioaL"objects within the environment

often involves féveagibn of the object by the production of an eye
movement. Movements of théfeyes élso'produce transformations of the

optic array. When a limb movement is directed to a goal object there is
a minimal transformation.of the total optic array but the relative

positions of the goal and the limb go through a transformation. This
information of the change of the relative positions of important objects

is undoubtedly as critical for the accurate guidance of an individual

- L

limb movemént as £;ahsforﬁatiops of thé total optic array are for the
control of whole-body movement: Ceértainly, it is true that the

* interaction of visuél information and motor programming, during
self-produced moveméht, is requiréd for the development of proper visual
control of limb mov;menéﬂin cats (Held and Hein, 1963), monkeys

" (Held and Bauer, 1967) and perhaps humans (White and Held, 1966). This

- interaction is alsg required for the maintenance of accurate visually

guided motor control in the adult. The plasticity of visual motor

. control is elegantly démons;rated‘by'the adaptation of subjects to

prismatic distortions 6f“the visual environment (Held and

'y

.

w
.
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Freedman, 1963; Gonshor and Melvill Jones, 1980). As with initial
development, adaptation is dependent on the active production of

movement by the subjects. These studies demonstrate the importance of

the combination of visual input and motor output for our perception of,

-

-/ and behaviour in’the world surrounding us.

,Althoﬁéﬁ the psychophysical approach to the study of human
:"' b ’ g o ' .
perception has provided a good basis for understanding how visuvad

information is perceived, we have a relativeiy pootr understasnding of how
“this informafion directs, human behaviour on a'moment-to-moment basis.
[N S ¥ »
/'In other words, we have a better comprehension of how a particuiar

' ‘pattern of wavelength and, intensity of light reaching the visual system

2

allows us to identify a coffee mug, than how this same information

allows us to pick it up and drink from it,

Visually éuidea movements of the upper }imbs, such as picking up a

»
.

coffee'mug, are a class of behaviour that occurs frequently, and for the

most part, accurately thoughout the course of human daily activity. The

ability td‘préduce such movement§ is a papticularly well-developed skill
in humans and other primates, which allows us to contact andwacquire
. N .

objects of interest within the environment. The role of cortical brain

areasnin the control of this visuallyﬂguided reaching has been

investigated in some®detail for the rhesus‘moﬁkey (Myers, Sper¥y and

¢

McCurdy, 1962; Hamiltoh, 1967; Kéé%ing, L973; Brinkman and Kuypers,
1973; Haaxma and Kuypers, 1975; Paillard and Beaubatoy, 1975; Lawrencé
~and Hopkins: 1976). Tﬁe work of Kuypers ;hd his colleagues (Lawrence and

Kuypers, 1968a,b; Brinkman and Kuypers, 1973) has revealed that while

one cerebral hemisphere can control Qisually—guided movement of the

proximal musculature of both the ipsilateral and contralateral aims, it

«

/
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is able to control Tovements of the distal qgscles only\for the
contralaéeral hand. Tﬁese relatively indeéendent finger movements,
which ‘are responsible for the proper grasping of objects such as food
pellets, depend upon direct cortico-motorneuronal connectiqns arising
from the precentral gyrus and descending via the pyramidal tract

(Lawrence and Kuypers, 1968a,Pp; Lawrence and Hopkins, 1976). Thﬁs when

visual information is restricted to one cerebral hemisphere an accurate

v . *

movement of the ipsilateral limb including distal muscle activity
requireé the transfer of information to the opposite hemiéphere
(Brinkman and Kuypers, 1973; Haaxma anq Kuypers, 1975). Haaxma and
Kuyper§ (1975) also ;eported an impairment of visually guided
independent finger movéments for one limb following lesions of the
contralateral cerebral hemigphere. These lesions were either unilateral
ocqipital lobectomy, or unilgteral leucotomy "restricted té the white
matter of the parietal lobules and some.of the white mat?er caudai to
the insula" (page 2;7). The deficits in visual motor performance which

arosewfrom the interruption of cortico-cortical fibres suggested that

both intrahemispheric (Haaxma and Kuypers, 1975) and interhemispheric

p—

{Brinkman and Kuypers, 1973) transfer of information are required for

normal visuaﬁly guided reaching. 1In fact, the neural organization of
;
visualmotor behaviour undoubtedly involves the interaction of numerous
sensorimotor cthnels.
The idea of multiple sensoriﬁotor chanﬁels for visuvally-guided
behavioui became popular with the "twqévisual-systems" hypothesis

introduced by Schneider (1968). Although clearly an oversimplification,

this concept illustrated ‘that subcortical structures play a large rolé

in the analysis of visual spatial information. As a result of this




-

v

subcortical proéessing, visual information may be available to both
cerebral hemispheres in split-brain, as well as normal animals:
Paillard ané Beausaton,(1975) have proposed a distinction Between two
separate components of visually gquided reacﬁing behaviour. The first

component constitutes the initiation of a motor program, which results

in the "ballistic transport” of the limb toward the visual target. This

component, which requires only visual spatial information of target
\ » e

location, and utilizes ‘only the proximal limb muscles, is therefore
preserved in the split-brain animal for all reaches. The second
component which Paillard and Beaubaton (1975) propose is a final

5~ «
correction of limb trajectory, which may involve both proximal and
'

distal muscle activity, but which requires visual feedback of the limb

position for its execution. The¢ suggest that the deficits in reaching

.

that are observed in the split-brain monkey (Keating, 1973; Brinkman and ~

Kuypers, 1973; Paillard and Beaubaton, 1975; Haaxma and Kuypers, 1976)
kY

result from the inability of one cerebral hemisphere to make use of .

visual feedback to adjust the trajectory of the ipsilateral limb. This

.

distinction between various compénents of a visually guided limb

movement and the various neural networks which may control.these

components is a very important step. Despite the insight which these '
‘primate studies have provided, a great deal remains to be learned about

the programming and execution of visually directed limb movements. As

noted by Georgopolous, Kalaska and Massey (198l) "It is unknown how the

F Y
visuospatial information concerning target lecation is used by the brain

for the:generation of aimed movements, nor is it known how- the

trajecteries of these movements are formed or what factors influence -
4

them.™ f(page 726). Furthermore, we have relativeiy little information

/ v k «




of how the manual motor system interacts with other distinct motor

.
.

systems in the production of visually 'guided behaviour. N

Objects in space are rarely acquired|by isclated act1v1ty of the

-
e

limb muscles. In additiof to exten51on &; the arm toward the target the

eyes, head, and body may move in such a wa§‘?h§t the image of the target

*

falls on the fovea of the retinae. Thus the %Lhaviouf involves the

coordinated interaction of a number of muscle groups. The ocular motor

-~ +
r

system and the manual motor system are usually both involved in the

production of the %ppegrated sequence of movements which result in

f -
!

v, . -
visually guided reaching. 1In spite of this, ‘the ogular motor and manual
. . v
motor- systems have rarely been studied together in the perforqence of

one task, although visually guided movements of the- individual systems

have been studied extensively. The motor sfstem that demonstrates the .

T~

)i most direct relatlonshlp to the visual env1ronment is the ocular motor

/ -

system. For this reason, as well as others, saccadic and pursuit eye

movements directed to visual targets have been studied in great detail
® u" .

and are undoubtedly the best under§tood example of visually guided
movement (see Carpenter, 1977 for revicw). Because of- the physical
characteristics of the eye, and the rota;@onal ncture of its movementssy
the ocular motor systcm is unique and ?iffers grea&ly from the manual-

motor system. The small mass of the eye means that the enertial forces

-
Pl

‘ opposing its movement afe relatively small in comparison te the

*viscoelastic forces exerted by t ocular muscles. Since the eyes
% . m

perform only rotational movements there is no need to accqunt for

> b -

[}
changes in the gravitational force vector when calculating the pattern

' .

of muscular activity necessary to aghieve a Particular‘position.. while %

.postufal adjustments are required to maintain the center of gravity

- )



during limb moxpments no such adjustments are required during eye
movements. Furthermore, the muscles that can produce eye moveéments are
limited in number and well defined, and no stretch reflexes exist to

compensate for unexpected loads {see Carpenter, 1977 for review). Thus

"the eyes have provided a relatively simple motor system which can be

monitored easily and accurately by a variety of methods that do not
place extensive constraint on the movements. The application of systems
analysis to the records of ocular motor performance has resulted in

numerocus models describing the neural circuitry which may underlid&

. certain characteristics of ocular motor behaviour (Robinson, 1968;}

Weber and Daroff, 1972; Dell'Osso, Troost and Daroff, 1975; Schmid,

Zambafb;eri and Magenes, 1981). These elegant models provide a basis

for understanding how the eyes move in response to changes in the visual '

envirdnment, but we have little knowledge of how eye movements

contribute to the complex interaction of motor systems, rquired,for
\
7 1
visually guided movements of the limbs. . .
Numerous motor physiologists have applied the same type of approach
P L]

.-

: Rod
used in the study of ocular movements to the study of manual movements.
B4

Thus, researchers have investigated the performance of ‘isolated 1l{mb

-

movements in order to determine the parameters whith characterize-their

execution and: control. In contrast to movements of the eyes, 'limb

movemgﬂtfhﬁxe affected significantly by inertial and.gravitationil

1
~as

forces. , Furthermore, limb movements often involve rotation about more

; -
than one joint and through three dimensional space. Along with an,

increased number of'possible points of rotation there are more ‘.
b ’ .

agonist/antagonist pairings of muscles that contribute to the behaﬁiour.
»

The iﬁcreased ¢omplexity @f such movements undoubtedly requires an’

-

11
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increased complexity of the motor programs responsible for their
production, In order to simplify the mechanics‘of the limbs a number of
experimenters have restricted the movement to rotation about one joint
(Desmeét and Goéeaux, 1978; Bizzi, Dev, Morasso and Polit, 1978; Hallet-
and Marsden, 1959; Les;ienne, 1979; Po;if and Bizzi, 1979; Cooke, 1980;
Brown and Cooke, 1981; Bizzi, Accornero; Chapple and Hogan, 1982; Hore,
Vilis and Flament, iﬁ press}). These investigations have provided
valuable information concerning the timing of electromyographic activity
associated with the velocity control of such movements. In addition,
they have shown that the mechanical properties of the muscles theniselves
play a large role in determining the appropriate central motor control.
Bizzi and His co-workers have suggested that a transition in the
equilibrium point of the length-tension properties of agonist ang
antagonist muscles determines the extent of rotation about a single
joint (Bizzi et al., 1978; Polit and Bizzi, 1979; Bizzi et al., 1982).
Others, such as Cooké (1980) who described the limb as "a damped spring
having mass" (page 203), have appliéd mathematical models to the

» .
mechanics of limb movements, much in ﬁhe way that ocular motof behavicur
has been modeled. While these studies have yielded a great deal of
information about the motor control of relativgly simple, single-joint
moyéments, the cont?ibution of such motor control to more complex
behaviour is less_clear: At the present time there hawve been few ’
studies which have looked at whether the same, well documented,
principles which have been. found for rotations about a®single joint, can

be applied directly to more complex movements. As pointed out by Abend,

Bizzi and Morasso (1982) "Although the physiology of

‘one-deqree-of—freedom movements has been explored extensively, there

12
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have been relatively few studies of the means by which the central

nervous system (CNS) coordinates the large number of degrees of freedom

of movement of the multijoint limb."  (page 331). !
It is only in the last few years that precise studies of multijoint
limb movements have become more numerous (Morasso, 1981; Soechting and

»

Lacguaniti, 1981; Georgopoulos et al., 1981; Abend et al., 1982;

Laéquanitivand Soechting, 1982). By the use of a manipulandum, Morasso
(1981) confined the, arm movements of human subjects to flexion or
extension at the elbow and shoulder. This limitation of the movement to
;ne plane kept the effects of grav;ty constant. Morasso (1981) reported
that when the subjects moved towara visual targets, notable inQagiapces
occurred in their pérforﬁance. The patﬂs wpich the subjects tbok
between target positions were approximately straight lines.
Furthermore, he reported that "the tangential hanq velocity for the
different movements has a single peaked curve that varies little between
mermgnts" (page 224), despite’the fact that the joint angular
velocities varied considerably. This led Morasso (l98i) to prépose th;t
the control of tbe movement involves the formulation of space-related
coordinates rather than speci;;cation of the angle of rota£ion about
each joint. Using the, same experimental paradigm Abend et al. (1982)
required that subjegts produce curved movement trajeé;ories, and
obsefved the resultant performance. The&'found that the behaviour of
the subjecés changed dramatically under thése conditions sﬁch that "the
paﬁ? had a segmented appearance, as.if the subjects werg trying to
apéroximate a curve with low curvature segments" (page 343). These

results were discussed in terms of the possible use of the mechanical

constraints of the skeletal-muscular system by a "biological controller

wi

13
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to determine the characteristics of the movement trajectory. Because
sig f the arm was restricted in both paradigms it is difficult to

interpret the results of thesé studies with regards to most everyday

visuvally guided limb movaments.

In a study of two-dimensional limb movement to visual targets by
monkeys, Georgopoulos et al. (1982) found that the variability in ther
path of the movement decreased with practice, and increased with -
uncertainty about which of a number of spatially separate tdrgets was to
be used. These authors emphaéized the deggee to which ;he behaviour of
the aniﬁals in the experimental parad%gm, was similar to their normal
visually directed behaviour, since they were allowed free viewing of
their arms. However, the use of a manipulandum restricted these
visually guided movements to only one plane. In what is perhaps the
most elegant analysis oflunrestricted‘human limb movements,

Soechting and Lacquaniti (Socechting and Lacquaniti, 1981;

Lacquanitiq and Soechting, 1982) looked at the relation betw;en angular
acceleration of the shoulder, elbow and wrist during pointing and o
grasping movements. The targets were presented directly in front of the
subjects so that movement in only two dimensions was required. They

found that "the trajectories of the movement were.relatively constant an?
independent of velocity, but were "curvilinear with the degree of

curvature depending on target location" (page 718). Angular rotation

about the shéulder and elbow were found to be igbariably related

although no such relationship was evident for movement at the wrist.

Despite this lack of a relationship, Lacquaniti and Soechting {(1982) do

not suggest independence of movement about these joints. Rather, they

suggest that "provided that wrist pronation or supination is carried out




within some+ temporal limits, the pattern of activity of bifunctional
muscles (acting in wristnand elbow motions) Qill be regulated so as to
}s-gisfy the constraints of shoulder-elbow functional coupling" (page
408). Therefore, the&usupport the concept that "it is thevmovement
itself, and not the patfern of activity in individual muscles, which is
invériant during compound motion of the arm" (page 408). These studies
have advanced our knowledge of complex movements considérably, but there
have been no analyses of 1limb movements through three-dimensional space,
which more closeiy approximpfe most visuvally guided reaching movements.
If we wish to extrabolate from the studies and models of simple systems
to the motor conﬁééi of behaviour in general, we must relate the
performance under restricted, expefimental cogditions to the
characteristic peformance of common behaviours.

All of these studies of the motor control of . limb movements have
indicated that, for the simpie and complex movements which have been
studied; there exist invariant aspects of their production. These
invariances reflect the relationship between the mechanical constraints
of the skeletal-muscular s}étem and the neural organization controlling
its movement. Although the movements have been directed to visual

-~

targets, the manner in which visual information contriputgs to the
spatial cogtrol of limb movements has not been explored fully.
Therefore, this approach to the study of visual behaviour, adopted by
many motor physiclogists, reflects the opposite end of the spectrum to

the psychophysiﬁil approach. 1In each paradigm one aspect of the

behaviour, either the visual information or the resultant motor output,

has received relatively little attention.

15
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The use of visual inform;tion inithe control of limb movements has
been studied in a variety of experimental paradigms, but most of these
studies have not described the characteristics of the behaviour in much
detail. Instead of analyzing the spatial and temporal characteristics
of the movement trajectory they have generally concentrated on the
accuracy of the final’position of a directed limb movement, under
varying conditions of visual information. Althpugh such studies are
deficient in their description of the behaviour, they have, nonetheless,
contributed a great deal to our understanding of the wvisual control of
limb movements. Both the manner in which visual information is used to
initiate a motor response, and how this informatio; is used throughout ‘
the behav;our for its control; have been addressed by these stuéies.

.The work of Pailla;d and his co-workers (Paillard, 1982) perhaps
demonstrates best the insight which has been gained through, such
approaches.' He has looked’ at the accuracy of visually guided pointing
of the limb in a situation which limiteé feedback of the relative ¢
positions of the arm and target to various portions of the tra;ectory.

A significant improvement in accuracy was found when visual feedback was

allowed and particularly when it was present "in the final phase of the

movement" (Paillard, 1982, page 373). He has alsc used the accuracy of

manual pointing to a visual target as a measure of the adaptation of

to prismatic distortion,of visual space. * By varying the amount
and type of visual information availaﬁle to the subject he has found
evide?ce that péfiphgral visual processes make use of “movemeqﬁ
cues...to control the direction of the frajectory" (page 381), while
central vision uses "position cues" of the relative positions of the

hand and tprge‘ to control "the error-detecting mechanism-involved in

16
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- children (9-11 years), changes in the trajectory of the movement which

restricted. the visual feedback of hand position to various portions of

-

the late phase of adijustment of a reaching movement”" (page 38l). This
differential use of information may relate to the differences in the

hemispheric motor control of proximal and distal musculature, which has |,
L - '

been discussed above with respect to studies of split-brain monkeys - -
(Pa;llard and Beaubaton, 1975). The time required to process visual
information, and modify the pfoauction of the movement, has also been

the sﬁbject of investigation. Keele and Posner (1968) sugge§£éd, on the

s

basis of pointing accuracy scores, that at least 200 ms is needed in

o

order to modify the trajectory of movement on the_basis‘of v%sual
information. More recently Beaubaton and Hay (1982) Aéve é;ggésted tha{
processing times of less thanilOO ms may be-possible. Despite these
uncertainties of the time required té process info;maiion, for reaches
to visual targeis, visual information may contribute not only to the
initial specification of thiﬁmotor program but may also provide a basis
for the moaification of the program throughogt its production. :

In order to determiné how this use of visual information affects
the actual motor output during the production. of visually_guided
pointing, Hay (1979) and Carlton (1981) analyzéd video and film records
of the limb movements. In a study of visual motor development, ﬁay

(197Qj observed the effects of wearing visual displacing prisms on the

reaching of children of different ages. He reported that for the oldest

compensated for the prismatic displacement occurred primarily in the

~

late stages of the movement. Carlton (1981) recorded subjécts pointing

to a visual target with a hand-held stylus under conditions which

the movement. As with the study of Hay (1979), only movement in two

- .




dimensions was analyzed alfhough movement in three dimensions was
possible. He also suggested that corrections in the trajectory of the
movement,'based on visual information, were produced with a very brief ..

' processing time of less than 200 ms. These corrections were defined as

-

changes iq acceleration of the stylus movement, which occurred again in
the later stages of the movement when the velocity was low. Carlton

(1981) discussed at length the similarities between the visual caontrol
LY

of the discrete limb movements which he had observed, and the control of

saccadic eye movements. However, he did not require the subjects to

& B

look to the target to which they were pointing, and had no recard of any
eye movements'produced by the subjects. The studies of Hay (1979) and

. ’ . ' +
Caflton (1981) illustrate the wealth of information which is provided by

the analysis of vided or film records of the movements, but many

-

important questions, such as the roles of eye movements, and the
- position of the target in visual and extrapersonal space, must be

addressed.

As I have discussed above, the production of eye movements is most

:

often an integral part~of visdally guided limb movements. The

importance of this inﬂeractiQn has been recognized and -discussed by many

researchers such as Carlton (1981) and Paillard (1982). Although there

have been relatively few studies which have looked at movements of the
P

eyes and limbs, directed to a common target, combined ocular and manual

“+

t{Fcking has received some attention (Steinbach and Held, 1968;

-

Steinbach, 1969; Mather and Lackner, 1980). These experiments have

demonrstrated that infqrmationfabout limb position can affect ocular

- 2

tracking-.but the interaction of the two systems in the production of
. . 1 N . N T
discrete moqéhents remains unclear. Restriction of the arm movement to

|

4
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/ | .
rotation about one joint simplifies the mechanics of the limb motor
7

system and makes it more comparable to tﬁe,ocular_motor system, but the

«

. .
movements which are produced are quite different from the majority of

movements in which the two systems interact. Manual tracking is clearly

. a well developed human skill and is used for some visual- motor
behaviours such as driving an automobile. However, the significance of

-

manual pursuit movements for evéryday human activity is much less clear

-
-

than that of the discrete movements which comprise most human visually
guidedvl;mb movements. . ‘. o 1 s
The only studies which have looked at the performance éf the eyes
and 1imbs in a taék involving discrete movements, have been those of -
Prablanc, Escﬁallier, Jé;nnerod and Komilis (Prablagq, Eschaliier,
Komilis and Jeannerod, 19795; Prablanc, Eschallier, Jeannerod and
Komilis, 1979b). 1In these studies they compared the latency, duration
and accuracy gf goth ﬁovements under a number of conditions of visual
information. On the basis of a "loose correlation" (Prablanc et al.,
1979, page 123) between the létency to move the eyes and hand they
suggested that the two motor systems tseeﬁ to be orgagized more in
parallel than in series" (page 123), Further support for a parallel
organization was gainéd by their failure to find a relationship between
.hand and eye errors. Visual information of thé~relative positions of
the hand and target was found to improve.pointing aécuracy relative to
.opén-loop reachinq; even when the subjects were only allowed to view
their hand either before’moyement was initiated, or while the limb was,
actual;y moving. As long as thegfarget remained visible thgoughout the

reach the production of eye movements significantly improved accuracy,.

when compared to reaches performed without accompanying eye movements.

19



When the target was extingtished at the start of the eye movement,

peinting accuracy was no different than reaches to persistent targets

-

without eye movements. Thus it was clear that foveation of the target,

and not simply thé production 8f an éye movement, was responsible for

the increased accuracy of the movement. By - meaguring directly eye
a
position Prablanc et al. (1979a,b) were able to understand better the
. ) s ,
nature of the visual information which could bé used to guide the limb

movement, and were also able to look at the relationship between the two

systems. Such an approach can be strengthened greatly by the addition

. s

.

of kinematic measures of the limb movement to describe further the

~ - +

characteristics of its production.

The present series of studies was designed to begin with -a, more

comprehensive description.of the effects of varying amounts of visual

Al w3

information on the kinematics and accuracy of wvisually directed poxntlng

movements. Unrestricted limb mevementsﬁthrouqh three dimensions were

employed, to approximate the normal reaching behaviour used to acquire
. r 1 B

objects in the epvironment. Video records of the subjects’' reaching

provided the data base for the description of the limb movement. In
B . 4

addition to an analysis of the kinematics and accuracy of pointing, the

present studies were designed to compare the performance cf the ocular

and manual motor systems on the basis of their latency and accuracy,
when both were directed to a common visual target. The first study

incorporates these two approaches in one experimental paradigm. It

includes analyses of the limb movement characterlsths d a comparison

of the performance of the eye and limb motor systems. The second and
{

third studies address specific-questions raised by the ahélyses of the

first study.

E
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STUDY I

/

The Spatial and Temporal Characteristics of Visually

Directed Limb Movements and Comparison of

Ocular and Manual Performance
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Summary
>
A

The present study attempted to describe Fhe spatiél and temporal
characteristics of limb movements directed to small visual targets,
presented at 10 or 20 degrees eccentric to é‘géntrai?fixation point.
Eight young, ri;htihanded adults with no f;éwn visual deficit
participatea in'the study. They were asked to point Quickly and

:

’accurately to the positioh on a screen aivwhich the target light was
preésented. All reaches were recorded by two vidéo cameras, énd these
records provided information of the position of the limb in
threefdimensional space aF a temporal resolution of 17 ms., The
subjects' eye movements were monitored by infrared torneal reflection
"and were recorded on magnetic tape. .The findings suggested that visual
information was used- to modify the programming of the limb movement
during a deceleratiop phase, as the target was approached. If the
target was visible throughout the movement this deceleration phase was
prolonged and pointing accuracy was improved. Reaches to targets
presented to the ipsilateral visual field and ipsilater;l side of the
body as the hand being used to reach were initiated more quickly,
completéd more rapidly and were more accurate than reaches to targets
presented in the contralateral visual field‘which required that the
subjects reach across their body axis. Although these results suggested
the existence of a hemispherically organized network responsible for the
programming of these visually directed limb movements, the confounding
of the target position relative to the visual field and target position

relative to the body axis made it difficult to determine how spatial

information is integrated by such a network, The ocular and manual
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motor systems were compared on the basis of movement latency and

accuracy. A statistically significant correlation in movement'latencies
[ ]

as well as similar magnitude effects of target laterality and the hand

. o ) :

used for poin @"N ovement latency, suggested that the processing of

4
sensorimotor information for the ocular and manual motor systems
’ -

involves closely associated or common neural areas. A positive

correlation of eye and limb movement accuracy for reaches to briefly
L]

(E?\gented targets suggested that, in the absence of feedback information

of the target position, the point in space which the eyes fixate may be

used as the target for a pointing movement by the limbk ‘




Introduction g

-

Visually guided movements of the limbs are a basic ahd important . .

. component of daily human activity. It is by such movements that we are

A

LA

able to reach to, and acquire objects of interest within the environment

surrounding us. Despite the importance of these hehaviours to man and .
. 3 .

. Y
other primates, the manner in which visual information is used in their

motor programming is not well understood. Motor physiologists have

y
.

v examined the characteristics of relatively simple limb movements
extensively (Desmedt and Godeéux, 1978; Bizzi, Dev, Morasso and Polit,
1978; Hallet and Marsden, 1979; Polit and Bizzi, 1979; Cooke, 1980;
Brown and Cooke, 198l1; Bizzi, Accornero, Chapple and Hogan, 1982; Hore,
. . bilis and Flament, in press) and have established well-defined
principles and mathematical models to describe the performané; of'the
v skeletal-muscglar system. Only recently has this approach been extended
; to more complex govemen?s (Morasso, 1981; Soechting and Lacquaniti, »

1981; Abend, Bizzi and Morasso, 1982; Lacquaniti and Soechting, 1982).

~

While these studies have described the spatial and temporal’

characteristics of limb movements, they have not dealt with the manner
- %
¢ -
in which visual information of the ldcation of a goal object in space is

€

» used in the programming and preduction of the belaviour. ’

. . -
Researchers who have been interested in tMe use of visual ,
4 . )
information for the coqgspl of limb movements have generally approached -

-the problem differently, by looking at the accuracy of the end point of

the movement under various conditions of visual information (see for .

-

example, Paillard, .1982). "Additional measures of the latency and

duration of the movement (Keele and Posner, 1968; Beaubaton and
. <




1982) have provided insight into the temporal limitations on the

processing of visual in;grmé}ion, but have. not adequately described how

7
.

the movements are peiformed.' The present study was designed as a
synthesis of these two approaches, in order to describe better the
production of visually gquided mgvements of the limbs and to investigate
the factors which affect this performance. To accomplish tﬁis, video
records were made of unrestricted limb movements directed to visual
targets. From these records the latency and accuracy of movement were
analyzed as were the form of the trajectory, and_the,velocity of
moven®nt throughout the trajectory.

. The possible use of visual feedback during production of the
movement .was examined by comparing pointing to brie?iy illuminated
targets with painting to p%rsistent targets. Beaubaton and Hay (1982)
have shown that the accuraéy of even very rapid movements is greater
when visual feedback of the limb and target positions is available.
Paillard (1982) has suggested that the type of visual feedback
iformation which is used, differs for central and peripheral visual
processés. Imthe present study subjects were restricted to the use‘of
‘peripheral viéion for half ofﬁihe experimental trialé by regquiring them
to maintain central fixation while poinging to a peripheral targét. For
tpe,other trials they were allowed to make eye movements to the target
positions and thus were able to make use of central visual processes in

-

the guidance of the movements. Since hemispheric specialization for the

v

control of human’ behaviour is such a prevalent finding, reaching jinto

either visual hemifield with either hand was analyzed. Thus it was

possible to’look for differences in performance which could have

r
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reflected a lateralized or hemispheric organization of the neural

systems responsible for these movements.

When studying the use of visual information in the production of-
visually quided limb movements, the characteristics of the accompanyiﬂg -
eye movements must also be considered, Most directed reaching movgments
involve the coordinated interactibn of these two motor systems and often
include orienting movements of éhe héad and body as well. . Despite this
fact, we have very little knowledge of how the stimulus characteristics
and‘response requirements affect these two motor systems ;hen_they are
both d;reEted to a targét. The most eleqant study of this problem has

-

been conducted by Prablanc and his co-~workers  (Prablanc, Eschallier, *
¢ »

Jeannerod and Komflis, 191§5; Prablanc, Eschallier, Kémilis and
Jeannerod, 1979b), who compared the eyes and hands on the basis of
iatency, duration and aécuracy of movement to visual targets. As a
result of the failure to.find a signifieant correlation between the
errors of the two systems and®on the basis of what was considered a
"loose correlaéion" (Prablanc et al.,‘1979a, page 123) in the latency to
initiate movem;nt, they suggested that the two_motor systems "seem tc be
. organized more in parallel than in series" (page 123). The questipn of
how the motor programming of the two systems is related under diffétent
conditions,.and how the proéuction of a visually directed movement is
affected by these conditions, was examined furtﬁer in the present study.

v

The various experimental conditions made it possible to compare the

péfformaﬁce of each limb, for targets presented to each visual field. .
“In addition, the role of eye movement production on the characteristics

of the limb movement was examined. By varying the duration of the

targets' presence it was also possible to examine the use of visual

LA -
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feedback information on the movéments of the eyes and limb. All of
these issues were studied within the context of a comprehensive
descriptién éf visuélly guided reaching, in or&er to ynderstand how the
processing of visual inforhatibﬁ and the progrémﬁing of motor output are

integrated in the production of this behaviour.

4

Methods

Subjects ' .

Subjects were 8 right-handed volunteers, 4 males and 4 females,
ranging in age from 23 to 35 years. None of the subjects required

]

visual correction. : (/’

s

Apparatus for Data Collection

During testing the subject was seated facing a 1m by 1m

back-projection screen with his head held in a chin and he;d rest. The
distance between the subject's eyes and tszﬁscreen was 50 cm. A start
platform, which contained a microswitch, was situated immediately in
front of the base of the chin rest. _All reaches~§ere initiated from

is platform; altﬁough the actual position of Fhe ﬁand and fingers was
ajlowed to vary slightly acrsss trials. A fixation light was
illuminated directly in front of the ;;bject at approximately eye level
on the screen and remained illumina?ed thrquhout the test session. ' One
degree diameter target lights were présenﬁed at four positions, 10
degrees and 20.degrees of visual angle to eitﬁer side of the fixation
point, in the horizontal plgpe. They were ;iluminated for either 100 ms

(brief target), or until the subject completed the reach (persistent

target). The luminance of the screen was 60 cd]m2 while the target
, :
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luminance was 73 cd/m . The targets were therefore of 9.3 percent

contrast (percent contrast = (Imax - Imin) / (Imax + Imin) X 100}.

All reaches were videotaped using two rotary shutter cameras  (Sony
RSC 1020) which proQided clear images at 60 frames per second. One
camera viewed the subject from the right side, while a 1 m by 0.5 m
mipror suspended at a 45 degree angle above the subject‘%rovideq a top
view for the second camera. The two camera signals were synchronized

¢

fed to a split screen of a sinale video frame. Onset of the targét

and

.

was marked on the videotape by the illumination of a row of

1ight-emitting‘di6&esi located outside of the subject's line of sight.
Horiiz

~

ontal eyé position was monitored by the use of infrared

v 2

-

corneal reflection (Eye Trac Model 200, G&W Applied Science

Laboratories), and was displayed on a video monitor, as well as stored '

on one channel of an FM magnetic tape reccrder (Model A,
A, R, VetterfCo.). The onset of the target light and:the release of the
start platform microswitch were recorded as a voltage change on separate

channels of the same tape recorder.

.
i

Procedure

Test sessions consisted of four blocks of 32 trials. Each hand was-

tested séparately in alternating blocks. The subject was asked to use

bis in@ex finger to point quickly and accur;tely, immediately following

illumination of the target. All trials began with the subject fixating

the central light. After a variable ﬁterv;I following a "ready”

co:rand, the experimenter illuminated one of the targets. The poéition
,

and duration of the t@rget was varied randomly throughout each block of

ki {

trials. *bach target was therefore presented 8 times per block, 4 at the



. \;,)

brief duration and 4 at the pérsistent duration, Practice trials were
given at the start of each block to familiarize the s;bjéct with the
test conditions,

For half of the blocks, the subject was inst;ucted to look to the
targets as well as point to them (Eye Movement Condition). For the
other two blocks, he was instructed to maintain fixation on the central
iight while pointing (No Eye Movement Condition). During the No Eye
Movement Condition the fixation of the subject was observed on a video
monitor. Those trials in which the subject failed to maintain fixation
were repeated at the end of the block. Horizoﬁtal eye posi;ion was
calibrated at the start of both Eye Movement blocks and a calibration
signal was'recorded on magnetic tape by having the subject fixate each
target for a 2 second perioé. The order of eye movement condition, and
hand used was counterbalanced across subjects. The test session lasted

for approximately 50 minutes, and the subject was given rest periods

between blocks if fatigued.

Apparatus for Data Analysis

The videotape record was analyzed with the use of a Sony Video
Motion Analyzer, which allowed stable single frame advancement of the
video image. Each frame was projected onto the surface of a digitizing
tablet interfaced with an Apple II Plus microcomputer. A whie card
conﬁaining 0.5 mm black lines which bisected one another, was placed
such that the intersection of these lines was situated at the tip of the
index finger. Initiation cf a reach was defined as the first visible

movement of the index finger on the top view of the subject. The number
. . <

of frames from the target onset to first finger movement served as a

29




measure of response latency. The position of the index finger for each

frame was then stored by the computer as X and Y coordinates, by

’

touching the finger position with the tablet pen. This process was

continued until the subject touched the screen. The forward and lateral -

movement of the reach was taken from the top view of the subject, while
the vertical movement was taken from the side view. This

14

three-dimensional information was stored as data files to be analyzed at
a later time. Analysis of the data files produced a number of measures
derived from the\vector distance between positions on successive frames,
These measures included the total distance of the reach; the mean
velocity of the reqch; the velocity at each frame; the maximum velocity;
and t%e time at which maximum velocity was attained. The diff;rence
between the final finger po;ition and the actual target position
provided measures of error in the lateral and vertical dimensigns as
well as t;tal vector sum of these two error scores. The final position
of the finger was taken as the first point of contact of the finger with
the screen and therefore did not include any4corrections performed after
the screen was touched.

Analysis of the FM tape record was also undertaken. Hard copy of
the FM record was produced by means of a pol;graph (Grass Model 7, Grass
Instrument Co., Quincy Massachusetts) with a paper speed of 30 mm/s
which provided a temporal resolution of approximately 17 ms. wThe time
from stimulus onset to the release of the start platform ;icroswitch
provided a second measure of hand'latency. Analysis of horizontal eye

position records yielded measures of eye movement latency and accuracy

with a resolution for the eye position of .5 mm, which equaled .5

degrees.

3
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Results
, %

In the present study the instructions téﬁthe subjects were
deliberately left open-ended and there were no specific requirements
placed upon the speed and accuracy of the subjects: responseﬁ. . This
resulted in a great deal of between-sub4ect variability on the response
measures although there were consistent within-subject differences under
the various experimegtal conditions. For the figures which follow, .
standard error bars have not been included since they serve only to
illustrate the betweén-subjeét differences and do not add to the
illustration of the important between-condition comparisons.

Despite the variability in the performance of this task, both
bgtween ahd yithinﬁindividual subjects, some ggneral statements are
possible. Al]l subjects performed the task quickly and accurately.
Figure 1 illustrates examples of a reach to each of the 4 targets by one
;ubject with both the top and side view plptted for each movement.
Within 500 ms following target illumination the subjects initiated a
reach, which consisted of an acceleration to maximum velocity, followed
by a deceleration until the screen was contacted. Since the points in
Figure 1 illustrate the fing;r position on successive frames, the
separation between points indicates the velocity of movement. On
average the acceleration phas;.constituted the first third of the total
duration of the movement. The relatively longer deceleration phase
usually included a period of low velocity movement, just bef;re the
finger came iﬁto contact with the screen. Previous studies have reported

both straight line, and slightly curved limb movement trajectories, so

an attempt was made to quantify how close the trajectories fit to a

31



Figqure 1. Examples of the trajectories of
reaches to targets at all four positions, performed
gy one subject, with the right hand. The column -
of figures on the left represent the top view of

the trajectory, while the figures on the right

represent the side view of the same tradijectory. _
Target positions are indicated at the lgft of 5Fch A

. pair~of trajectories. The position of the start
platform is indicated by tﬁé'rectangle on gbe left
of each figure: The dots represent the posgtion of

the tip of the index finger, in successive frames,

following the onset of movement. Note the slight
»

‘curvature of the trajectories and the relatively
 ,

low velocity of movement as the target was approached.
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straight path. Although the ‘trajectories of the subjects’ reaches
approxima}ed a straight line there were consistent, measurable
deviations from this. A ratio of the minimum necessary distance between
the initial and final positions of the finger to the actual distance
travelled, gave an indication of the efficiency of the movement. This

ratio ranged from .86 to .96 between individuals but averaged to .94,

-

‘

and was not affecteé by .the various experimental conditions. The
trajectory, in many cases, showed a slight overshoot of the final
position, in boéh thellatergl and vertical dimensions, which was
.corrected at’the ;nd of the movement. Thesé corrective movemenps
contributed to the deviation of the traje;tory from a straight 1line
path. The amount ;f such overshoot varied considérably but a corrected
undershoot in the trajectbry was rarely encountered. The corrected
overshoot of final posi£ion in the movement traﬁectory, did not _
correspond to an overshoot of the actual target position since the vast
majority of reaéhing errors were underestimates of the actual target
position. Although the shape of the trajectorx was not anélysed
quantitatiyely, a number of measures were collected which described the
!spatial'and temporal characteristics of the limb moyement as well as the
accompanying eye mévements. :
Two separate’analyses were perfsrmed on this body of data.
Analysis I investigated the kinematics and accuracy of the iimb
movement. Analysis II studied the relgtionship between the eye and limb
‘movements, on the—gasis of latency and accuracy, for those blocks of

strials in which the subject was asked to look as well as point to the

targets. | .

.
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Analysis I

A_total of 8 measures were extracted from the videotape record of
each reaching movement. These measures were divided into those that
’describe the temporal and spatial-temporal characteristics of the™
movement and those that describe the accuracy of the final position of ;
the movement. The measures that describe the temporal and
spatial-temporal characteristics of the movement are: 1) the lateﬁby'to
initiate the first visible finger movement following target
illumination; 2)(the maximum velocity attained during the movement;
"3) the latency to attain maximqm velocity following the initiation of
the movement, or the duration qf the accelerationhphase cof the movement;
4)‘the mean velocity of the movement: and 5) the duration of the
movement. The accuracy of the final finger position was recorded as an
errér score, in degrees of visual angle, between the positions of the
target and the index finger. Error in the lateral dimension, the h
vertical dimension, and the vector sum of these e;rorj, was calculated
for each reach. |

Separate analyses of variance were carried out for each of these
measures. The analyses coméared pgrformance under each of the
é;perimental conditions, across all subjects. A completely balanced
design was emﬁioyed such that all interactions were possible. Each of
the factors had two levels. They wereiﬁ 1) the target duration--brief
“and persistent targets; 2) the target eccentricity--10 and 20 degrees;
3) the hand used for responding--left and right; 4) the,yisdal field in
which the target was presehtedh—left and right; 5; the nature of the
?esponse--arm movements alone (NEM) or arm movements with accompanying

A

eye movements (EM). There were 4 trial repetitions within each cell.

v



The mean of the 4 trials was calculated for each measure and all
analyses were conducted on these cell means. Analysis of the cell means
served tb reduce variability in the scores which could have resulted

from inaccuracies in the measurement technique.

Temporal and Spatial-temporal Measures. These analyses were

conducted in order to relate the performance of this task, in terms of
the velocity characteristics, to the performance of less complex limb
mo&ements which has been documented previously. Also! these analyses
sexamined the relationship of these velocity measures to other
characteristics of_performance, such as the durétion and accuracy of
movement, which have been examined in previous studies of the use of
visual information in directed limb movements: A consistent pattern of
effects was evident which depended upon the interaction of three
factors. These were: the hand used for ;esponding; the~visua1'fiel§ in
which the target was presented; and the eccentricity of the target. For
reaches to more eccengszc targets, the latency to initiate the movement
was greater, the acceleration phase of the reach was prolonged, a higher
maximum velocity was aftained, and the duration of the movement was
increased. All of these effects were revealed as statistically .
significant main effects of ta;get eccentricity and are summarized in

Table I. r

Another factor which affected the spatial-temporal characteristics

e
e,

was whether the reach was-directed to a target presented to the visual
field ipsilateral or contralateral to the hand used for reaching. This
effect was demonstrated by a Hand x Field interaction which was

statistically significant (p < .05) for all five characteristics (see

36



TABLE I

1

Q L4 ° . .
Effect of Stimulus Eccentricity on the Tempora¥- and
Spatial-temporal Measures of the
> . - “JV'
Limb Movement
) Eccentricity of Targets Significance Level

. X 1_00 20°
- = ) -
[ -
Latency 390.8 410.7' F1,7 7.98 p < .05
(ms)
v
Maximum Velocity” 155.8 163.3 F1,7 34.26 p < .001
(cm/s)
i Maximum Velocity . -
Latency ‘ 213.9 222.2 F1l,7 18.87 p < .01
(ms) ‘ '
Mean Velocity 78.6 80.7 F1,7  3.26 p > .10 \
(ch/s) —
4
Duration 639.0 672.1 Fl,7 -~ 10.01 p < .05
' (ms)

/
)
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Appendices IIa, IIb). The ipsilateral and contralateral condittons.are

-~ “

‘ . . -
compared for each\geasure in Figures 2 through 6. Ipsilateftal reaches Co
7

were initiated with a lower Latency than contralateral reaches

(Figure 2), the acceleration phase of ipsilateral povements was shorter _._
. - » '

(Figure 3), and a higher Maximum-Velocity was attained (Figﬁrée4). The

-

Mean Velocity of ipsilateral reaches was also greateg‘(Figuré‘jﬁ, and

resulted in a shorter movement Duration (Figure 6). Comparison of the
. . <

velocity/time functions of ipsilateral and contralateral reaches, in

- .

which the velocity for each frame followiﬁ§ movement onset was averaged

acro;s‘éll subjects and all’ trials, also demonstrates these findings

-» ) -
(Figure 7). ’ . o - o 2
hateral and contralateral
* .
l, which was the )

In general the difference betwden ips

reaches was more pronounced for the left

4

non-dominant hand in all subjects. This c3 }m seen in Figures 3

through 6. While the performance of the two halds was quite comparable

-

o , * .
for corftralaterally directed reaches, higher Maximum and Mean

- - . ' . : . ) -
Velocities, and a shorter duration.of.acceleration were-“present fdr

- ! »

: . N .
ipsilateral reaches performed by the left hand. As a result of these

. .

’

LI

Hand x Field interactions, réa%pes into the left gisual field differed

- ’
" from reaches into the right visual field on thése measures, and "”
’ - ¢ 12
4 o B . »
-significant main/effects of Visual Field were present for the Maximum

~ E

velocity (F(1,7) = 52.66; p < .001), Ldtency to‘at;pin Max imum Velocity
- o~ . . I . - L,
and Mean-Velocity (F(1,7) = 52.42, p < .01) of ¢ ~
' . . a,
) M .

(F(1,7) = 9.11, p < .05),

the movement.

L

. 4
The effect of Target Eccemfricity was fpund to depend upon whether
-

the reach was directed ipsilaterally or contralaterally. This finding

was revéaled by a Hand x Field x Eccen'tricity ‘interaction which was ~ ‘

t’ - - * . {
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. Figure 2. Effect of laterality of stimulus

presentation (I-ipsilateral; C-contralateral) on

: . ‘
latency to initiate limb movement. { - Left hand;

. . ‘ . _\\
A - Right hanf. Contralateral reaches were

. initiated at a longer latency for both limbs.

- »
- &
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Figure 3. Effect of léterality of stimulus
presentation (I-ipsilateral; C-contralateral) on
latency to dttain maximum velocity. ¢ - Left hand;

A - Right hand. The duration of the acceleration

_ phase of the movement was shorter for ipsilateral

reaches by either limb.

(%)
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Figure 4. Effect of laterality of stimulus
presentation (I-ipsilateral; C-contralateral) on.
mgximum velocity of 1imb mqvement. O ~Left hapd;
A - Right bhand. Reaches to ipsilateral targets
attained a higher maximum velocity than reaches

to contralateral targets. This effect was

s

IAst for reaches by the left hand.
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Figure 5. Effect of laterality of stimulus
L
presentation (I-ipsilateral; C—conﬂ{iiijpral) on
mean velocity of limb movement. ¢ - Left hand;
A - Right hand. The ﬁean velocity of ¥eaches

to ipsilateral targets was higher than the mean

velocity of reaches to contralateral targets.

-t
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Figure 6. Effect of laterality of stimulus

presentation (I-ipsilateral; C-contralateral) on
duration of limb movement. ¢{ - Left hand;

A - Right hand. Reaches to contralateral targets
required a longer period of time to complete the

movements than reaches to jpsilateral targets.

-
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Figure 7. Velocity of limb movement as a
functioﬁ of «time following movement onset.
Reaches to Ipsilaterally presented targets are
indicaéed by @-0-@; reaches to
Contralaterally preseﬁted'targets are presented
by @ ® ®. The mean duration of ibéilaterél
reaches is indicated by ‘: the mean duration
of contralateral -reaches is indicated’by i.
Each point represents an average velocity over
all thials by all 8 subjects for a gi;en time
féilowing initiation of a reach. The data
indicate acceleration to a higher maximum
velocity and a more rapid deceleration/for
reaches to ipsilateral as compared to contra-
lateral targets. Note also/that the general
shape of the veiocity profile of both reaches
"is skewed with an initial, ;apid acceleration

phase, followed by a more prolonged deceleration

as the target was approached.

»
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significant for Latency (F(l,7) = 5.61, p < .05), Maximum Velocity

=

(5}1,7) = 32.16, p < .001), Mean Velocity (F(1,7) 33.64, p < .001),

and Duration (5(1,7) = 28.89, p < .01) of movement. Pairwise

comparisons were made between 10 and 20 degree eccentric targets,lyiﬁgynﬁw
the conditions of hand used and ipsilateral/contralateral reaching

directions. These results are summarized in Figures 8 .through 11. It
- y
is clear from these data, that the main effect of Target Eccentricity on

the measures noted above may be accounted for, in large part, by an

effect on either ipsilateral or contralateral reaches. The increase in

%

Latency with increasing eccentricity averaged 30 ms for contralateril

¥

reaches, ahile this increase was only 12 ms for ipsilateral reaches

(Figure 8). Both Maximum Velocity (Figure 9) and Mean Velocity

(Figure 10) increased for more eccentric reaches, only when the targets
,

were presented in the ipsilateral visual field (significant pairwise
comparisons, p < .05, with Tukey's HSD statistic). Contraléterally

directed reaches did not demonstrate these increases, and a decrease in

S

Mean Velocity with increasing eccentriecity was noted for the left hand

" (HSD, p < .95). This resulfed in a long duration of reaches to more

~

eccentric contralateral targets, particufﬁrly for the left hand
(Figure 11).

Ipsilaterally directed reaches were performed quite differently

\

from contralaterally directed reachest In general, ipsilateral reaches
were perfor%ed more efficiently. They were initiated more quickly.and

comp%éted in a shorter period of time. 1In addition, ipsilatéral reaches

M

demonstrated an increage in Maximum and Mean Velocity when confronted ,

with a moreseccentric target but contralateral reaches did not.
: 4
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. Figure 8. Effect of target eccentricity
{10 and 20 degrees of visual angle) on the °

latency to initiate movement of ipsilater%‘

(I) and contralateral (C) reashes. { - Left

.hand; A - Right hand. Note that latency

increased with increased target eccentricity
. P

overall, but that this inerease was larger for

LY

contralaferally presented targets. Note also

°

that reaches by the right hand were initiated

.

at'a lower latency than those .by thé lgft
. .
hand. This difference approached, put did

not._attain statistical significance.
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Figure 9. Effect of target eccentricity (10

.

and jﬁ degrees of visual angle) on the maximum

velocity of ipsilateral (I) and contralateral (C) - xj,h~

-

reaches. ¢ - Left hand; A - Right hand., The

max imum velocity was higher for ipsilateral

presented targets as compared to contralatgral'
targets. For ipsilateral reaches the maximum

velocity .attained during the trajectory was

~ ’ s
greater for reaclies to more eccentric targets,

but for contralateral reaches no such changes in .

€

maximum velocity were evident.
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Figure 10. Effect of target eccentricity

(10 and 20 degrees of visual angle) on the mean

¢

veldcity of ipsilateral (I) and contralateral

(C) reaches. O - Left hand; A - Right hand.

Mean velocity was Q‘J:.gher for ipsilateral targets
as compared to contralateral‘ targets, ‘For
ipsilateral reaches the mean velocity of the
movement was g‘r;eater for reaches to mQre

. ",c'centric tar<';ets, but for contralateral yreaches

A n

no such changes in mean velocity were evident.

. ' .
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Figure ll; Effect of targew eccentricity
(10 and 20 degrees of" visual angle) on the
duration of ipsilateral (I) and contralateral
"(C) reacheg.  { - Left hand; A - Right hand.
The duration of movement was greater for contra-
lateral reaches and increased for more e‘ccentric,
contralateral targets. This increase was
particularly marked for reaches by the left W@ ’
hand. 1Ipsilaterally directed reaches required

approximatﬁy tHe same duration to coméléte

movement to either eccentricity.




(SH) NDILBYNO




The production or absence of eye movements did not affect any of

these laterality effects.

1

..The onlyvspatiél-temporal medsure of the limb movement affected by

' 4
the Stimulus Duration was the Duration of the movement (E}l,?) = 5.83,

p < :05). Reaches .to persistent targets had a mean Duration of 664 ms

r

. s .
(sd = 134) which was longetf gpan the duration of 647 ms (sd = 112) for

reaches to brief targets. This average difference of 17 ms corresponded
. L8 . K3 N

to approximately one vgdeqsframe.

P

Accuraéy ‘of Final Position. SY¥nce the target was only displaced in

the horizontal plane it was necessary to examine errors in this plane

a
»

separate fromgvertical errors and to determine the contribution of the

errors in é!ch plane to .the total error of final position. Therefore,
analyses of variance were carried out for the Lateral Error, Vefticéi
Error, and the total Vector Error with the ‘same 5 facto;s as the
previoug-analyses., The errors were small and indicated a good level of
accurécy in the performance cf this task. The majoritf?of errors yere
an undershoot of the target position, with undershootaﬂifnstituting 75%
of tﬁ; lateral errors and 68% of the vertical errors. However, only the
absolute error, indepehdent of its direction was considered in the
.analyses of this section. Since %ﬁe fix#t?on point was always present
at the same vertical position as tLe targe;s and since vertical”bosition
did not var?, it was éxﬁécted that the.Lateral Errors would bé larger

*

thana;;y Vertical Errors and would account for a greater amount of
variaBility in the Vector Errors. The mean Lateral Error was l.39

- -
degrees, while the mean Vertical Error was Q.BO degrees.

3

My

-

60



9"

Analyses of variance revealed effects.which were similar fdr,botp
o ‘ - :
Lateral and Vector Errors. Target™Eccentricity had‘a significant main

effect for both errors. These findings are summarized in Table II.’

-~

Errors were larger for 20 degree eccentric targets as compared to the' 10
. b

degree targets. As with the analyses reported above, Laterél‘aﬁa Vq&tor

- ,
¢

Errors were affected by whether the reach was directed to a target

7 5
presented in the visual field ipsilateral or tontralateral to the hand

H , , »

being used. Significant Hand x Field interactions were present for bbtth

4 —

Lateral Error (F(1,7) = 13.62, p-< .0l) and Vector, Error"
. L T e,

.

(5(1,7) = 12.48, p < .01) ana&yses; Figures 12 and l3;illuétrag§ these

¢+ data. In addition to being less accurate, contralateral reaches
. F] =

demonstrated an effect of Target Eccehtricity which was more pronounced

4
5 w

' than that of ipsilaterdal reaches. This ‘latter result was revealed by

signifgegnt Hand x Field x Eccentricity interaetions (Lateral Ertor,

* - - , Al ' f -
F(1,7) = 9.96, p < .03; Vector Error, F(1,7) = 11.64, p <’.05) which are
illustrated in Figures 14 and 15. Although both ipéiiateral and

- < ' ’
contralateral reaches show an increase in Lateral and Vector Error with

* increasing taigetAeccentricity the increase is most dramatic for
» ¢ ' ‘ - . . 4

contralaterally directed reaches performed.by the left hand.

, 4

The possibiliy of using visual feedback.to increase the accuracy

~of the movement was manipulated by varying the Stimulus Puration. With
. - 1‘ R -
» \ .
brief target presentations there were no cues as to the relative -
positions of the hand and target throughout the movement although.other

feedback cues were available. Stimulus Duration had 4 significant ,

-
-

effect on the Latéfal (F(1,7) = 35,85, p < .001) and Vector Errors

(F(1,7) = 34.51, p.< .00l), which indicated a reduction in accuracy for

the Brief Target condition (Table III). However' Vertical Error was not

’
C
X 7 ¢

. ’ «

-

H




\\ Effect of ,Target Eccentricity on Errors (degrees of

¢

TABLE II

visual angle) of Final Position of the Finger

Eccentricity of Targets

Significance Level

il

Lateral Error

Vector Error

X,

c10° 7 7 20°

v ‘.ﬂ:‘-? >
: 1.07  ° 1.72
1.29 1.79

Fl,7 » 19.00

Fl,7 16.82

W/
o

62



, Figure 12. "Effect of laterality of stimulus

presentaiion {I-ipsilateral; C-contralateral) 6n

lateral error of the final position of the hand
(degrees of visual angle). {,- Left hand;
- A - .Right hand. Lateral error was larger for

coptraléteral target presentations.

»P
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' - Figure 13. Effect of laterality of co
stimulus presentd@ion (I-ipsilateral;

~

3C—cdntrélateral) on vector error of the final

position of the hand (degrees of visual angle).

L2

{ - Left hgpnd; A - Right hand. Vector error -

v

was larger for'ipsilatera; target presentations.

3 -
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lateral error of i_gsilateral (1) and :
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Figure 15. Effect of target eccentricity.
Jigure 2> ; v o ﬂ\
(10 and 20 degrees of visual angle) on the f

vector efror of ipsilateral (iqland contralateral

eccentricity, but fhis iherease was greatest_ for
. contralateral target presentaiidnsf Reaches by o
o : \ ‘ :

the left hand were most accurate for targets

presented at the 10 degree gontralatéral‘positidh i
but were least accurate for targets at the 20
- ‘ *

Y-

degree contralaté}a; position.
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TABLE III

)

Effect of Stimulus Duration on Errors (degrees of

- e visual angle) of Final Position of the Finger

£

Stimulus Duration

Significance Level

b9

Brief gersistent:
~ . . .
' ‘Lateral Error 1.87 0.93 F1,7 35.85 Sp < .00l
Vector Error 2,18 1.35

F1,7 34.51 p < .00l

M [4
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A

affected by either Stimulus Duration (F(1,7) = 0.13, p > .70), or by the

direction oitreachihg relative to the hand used (Hand x Field,

¢

F{1,7) = 0.15, p > .70).  * .
'The(factor which did affect Vertical Error was whether thé subjects
- .

looked to the target while éointing to it (F(1,7) '= 9.66, p < .05).

‘Jgrrors in the NEM condition (0.82 degrees, sd = q'47) were 1argéf than
in the, EM condition (0.58 degregs, sd = 0.35). Reduction of the
Vertical Error in the EM condition contributed to a significant Stimulus

.Duration x Eye Movement interaction (F(1,7) = 12.81, p#% .0l) for the
) 4 6, . : ) .

R , - ‘ . o —
Vector Error. Figure 16 illustrates this interaction. The mos%/4f’
accurate condition was the Persigtent Target/EM condition in which the.
A v N . v,

Vector Error was significantly smaller than either the Brief Target/EM

or Brie! Target/NEM condition errors.(Tukey's’HSD statistic, p < ,Og),
and approached'a‘significantiy lower ;aluei;han the Peréistent
Target/NEM error. B » - -

For NEM tfials the errorshthaéersiStent targets—aﬁgroac£eé‘a
significantly lower value than‘th;/errors to brief targets. Ho;éver, it

» » -

) -
is tlear that, the improvement in pointing accuracy for persistent versusd-

brief targets was-greatest when the subjects wer allowed to move their
} , 2 e ‘

eyes to the target. =~ , . N €

To summarize, most of the factors whic¢h were found to affect the |

LY
L4

. , . .
-kinematics of the movement also affected its accuracy. Ipsilateral " A

- N * ’ .‘ B "“
reaches were more accurate than contralateral reaches, and the

4

non-dpminant. fand was most affected by the laterality of the reach. In’,

addision, division of the total Vector Error into its Lateral-and -

”

'rVefEiqél component vectors revéq}hd thatthesé'components were aff;fted:
" > . . ] ( L 4 . <
differeritially by the experimental conditions.




"? !’q‘
a-{

Figure 16. Effect of the production of gye-

movements {EM - eye movement condition; NEM -

,,
N

no-eye movement condition) on the vector error
. ) )

.of reaches to Brief targets ([J), and

Persistent targets ( X ). Vector error of the

-

final finger positioﬂ was significantly smaller if

the subjects were allowed to refixate a persistently:

illuminated targét. No other conditions differed
, . 4

significantly from one another. :
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the video records of the limb movements provided a large number of

.2

Analxsis II : :' oo

This analysis investigated the relationship between the movements

of the eyes and hand for those trials in which the subjects were asked °*

¥

to look as well as point to the targets. The two systems were compared

on a.trial-by-trial basis, for their latency to initiate movement, and

the accuracy of their final positions relative to the target position.
Since a portion of the eye‘movement data for one subject was lost, q‘}

further analyses were conducted on the data from 7 subjects. Although

LS

measures of manual performance,.the number of measures pfbvided by -the

r

eye movement records was much more limited. One unique feature of the

7
b ]

records of the eye movements was the production of more thard one saccade
before the final position whs attained. Secondary saccades {Becker and

Fuchs, 1969) were produced by all subjects, but occurred more often'with

persistent targets (40% of trials) than with brief targets (17% of

trials). These proportions differed significantly,®as revealed by a

L]
f

correlated T-test (T = 3.99, df = 6, p < .0l). Since eye movements in

the vertical plane could hgt‘bé’ﬁecorded §ccuratély only horizontal

errors were analyzed. Velocity/time data was also not available for the

.eye movements., Therefore, the latency and accprac& of the eyés and hand

were compared on a trial-by-trigl‘basis, and were also compared under

the various experiméntal conditiomns.

-

- 2

i ’ “~
Latency. The latency to initiate both movements was measured from
ﬂ-—ﬂ l - N » r
the FM tape records. This meant that the measure of hand. latency used

p—

in this anal&sis differed from the measure used in tﬁé previous
- , » ’

analyéib. Hand latency in Apalysis I represented the first visible

.- ® 7
-\" .
. - C 4
L4 5 i
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movement of the fingertip on ‘the videotape records, while the hand
latencf measure for Analysis II was the release of the start platform

microswitch by the hand. Since most subjects produced a movement of the

finger befbre the hand had been lifted suffieciently to release the

m1qrosw1tch, the hand’ movement latencies were hlgher for Analysis II.

The mean Latency'for'the videotape measure was 394 ms while the mean

latency for the FM measure was 449'ms. The correlation between these

' two measures was .85 over’all trials, and all subjects.

[ 4

There were a total of 16 conditions (2 Stimulus Durations x

2 Hands % 2 Visual Fields x 2 Target Eccentricities) with 4 trials ‘ -

within each cell. The Eorrelations between the latency for the eye and e

hand movements were calculated within each condition, for each subject.
e ‘ ~ s
This yielded a total of 112 correlations, each based on 4 trials

performed by ‘a single subject, which were normalized by conversion to

~

Z-scores. These transformed scores were tested'against the null., .

o

hypothesié ofva correlation of zero, by means of a t-test. The 6v§ral;'_
. . ". .
mean correlation between the eye and hand latencies was .36 which was

significantly greater thanzero t = 7.1, df = 111 (p < .01).
In oider,to determine if this correlation was altered by the

different experimental conditions the Z-scores were subjected,to an

analysis of variance. However, no significant main effects or 2-way

interactions were fdund (Appendix Ilc). Therefore, the overall

.

cdbirelation between eye ‘and hand latency held across all of the .
experimental ,g:onditions. Unfortunately a large ‘Junt of variability N

was introduced into the data by having only a small number of pairs of

’
scores nake up the correlation in each cell.
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Although changes in the experimental conditions did not dffect the
r' . ) °
correlation between the two systeis, this did not answer the question of

whether changes in the experimental conditions affected each system in

X
?

the same direction or to the same extent. Therefore, the similarity of

S

the effects of the experimental conditions, on the eye and hand movement
latency, was examined by another analysis. The mean response latency of °

the eye and hand was calculated for each exﬁerimental condition.- An

analysis of varjance was then carried out on the latency to initiate
g9vgment‘with the System of Movement (tye versus hand) as an additional

factor. The mean latency for the initiation of hand movements was

449 ms (sd = 49) while the eye movement latency was 396 ms (sd = 97).

There was a large amount of variability between various conditions and
; s L4 .

subjects, including one subject who always initiated movement of the
. 'S , -
.hand prior to movement of the eyes. As a result the main effect of

System of Movemenst, failed to attain statistical significance
(F(1,6) = 3.04, p > 0). However, comparison of the eye and hand
latencies by a correlated t-test yielded a statistically significant

difference between them (t = 5.91, df = 111, p < .00Q1). .
An interegsting finding was the presencg of a main effect of the

- [ ;

hand used for the response, on the latency to initiate movement

*

(2(1,6) = 9,74, p < .05). Both eye and hand latency were reduced when

“wn '

.

‘reachés were made‘?y the rightlhand as opposed to the left hand. This-
result is8 illustrated in Figure 17 with the eye and hand latencies .

presented separately. A right hand advantage for hand movement laﬁéncy

. was also evident ln Analysis I (sqg Figure 2) although the effect just ' .

»

failed to reach qtaﬁistical significance (5(1,7) = 4,75, p < .07).

A ' A




g

Figure 17. Effect of hand used for pointing
on the latency to initiate movement of the eyes (@)
and hands (( ). ,Note the similar advantage in
movement latency of the eyes and hand for blocks
of trials performed with the right hand as ' *

compared to blocks performed with the left hand.

[y
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completed.

Janalys

A~

L] - » -
.

2 positive valye aéd an undershoot assigned a negative value. ' S

‘scores was loy (r:=
—zd

'reyealqg that .it was signifiéaﬂtly gréater than zefb (p <..01).

'onlgi.QS but “the mean. correlation for

s *

An advantage for ipsilateral over, contralateral reaches in hend ‘ T

A \l . H )
L4 ~ 3 R

response latency was noted'previously, in Analysis I (see Figure 2%. LI VAP

s . o

Yo Q\
This same effeft was found in Analysis II for movements of the eyes and

- -

i ‘J«

‘ L
A 51gn1f1cant Hand x Field interaction (F(l 6) = 10.84, P ‘&- QSL B

- »

hands.

was present and‘is illustrated in Figure 18. In this figure the ',iﬁ . o '?

. . .
latenc1es for the eyes and hands axe presented sepatately. These ; s 7

hl ‘ +

results demonstrate that although the two systems differed in their ‘ 1‘ ,"

.
s

overall 1atencyk changes in the hand responding and _the 1atera11ty of T,

s

the target affected -both systems to a 51milar extent. A ‘}”g g

. - N
3 K a0
¢ . AR }
. Ee ; - Voo -
>

Accuracy. The same series of analyses waf performed for thg, . % ' Q

. ., C R
lateral error of the final eye and finger,positibns. Eye positeonvwas ' N'(f?

* 3 . R

measured after all saccadic moveménts toward the target had been S ,
¢ . " \'\,.f

Unlike Analysis 1, for these anélysesfthe directien of the ..

“t 9" ’ ! !

error was conSidered, with an overshoot of the target position a551gned . .-
2
) : ' .

Correlaticns of the 4*trials within each ceil, for each subject,‘were
again calculated. Al;hopgh.the mean corYelatien between the-ergoxr . . ¥

M A
. . “
4 - P . ’

.17) a t-test of the Z-score tradsformations N R

L 4 b 7‘ . ‘ . ’ ’ . * 0‘ ’

An %},,..,‘1 L.

T
A

LA

h e

' M [ ] .
variance of the Z-scores was also performed (Appendix IIc).
- F a, e
ions were found to be siqnificant-ﬂbut Stimulus Duratlon*hadr
’ 1 -
a main effect whigh approached statistiqel siqnificanﬁ:? (R(1, 6) = 5.18¢ .. oo

L s |
s R ~ ’b” ‘ - . |
The reascn for thra effect 'ﬂs apparent ‘when the mean U A
b . . - PR L,

2 <
stipulﬁs conditions werp.. T, ;&;3

correlation for the Brief and Perbisten T, L

. e o h . » -'. . [ ‘* . ".: .
tompared. The mean correlation for the ersistent Eirﬁet oohdition‘was.f 'Wﬂ ,
t\: Brief target condition was . . -'~s
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Flament, in press). Some of thgse studies used movements which were
restricted to rotation about one jéint (Le;tienne, 1979; Hore et al., in
press) or movement in only one plane (Morassé, 1981), rathgr than
unrestricted, three-dimensional movement. Laquaniti andlSoechting
(1982) have reported symmetrical velocity profiles for shoulder and ‘
;lon angular velocity during an unrestrictéd arm movement but found
more variable and less symmetrical profiles for wrist movement. Since
velocity in the péesent study represehted movement of the fingertip
through three-dimeﬁsional space, and since a high degree of-accuracy was
required, the skewed velocity profiles may not be incompatible with
previous finding;. For more complex, multiple jq}nt movements, such as
those examined in the'present*study, the manner in which 'instantaneous
angular Qelocity about individual joints relates to the velocity of the
hand and‘fingers éémains to be gxplored. In another study which
demang;d highly accurate, unreét;iéted limb movement Carlton (1981)
recorded the velocity of a hand-held stylus, dir;cted at a visual
target. He also found a prolonged deceleration phase with a period of:
,very low Qelocity in the final portion of the movement. Thus the

constraints placed upon the movement, and the degree of accuracy
@

required, may affect the resultant velocity profile. Most studies of
limb movements have looked at hithy practiced movements.
Georgopoulos et al. (1982) found that the Qariability in the

trajectories produced by hig monkeys, was reduced with practice. It is
possible that with increased practice there is less reliance upon
terminal corrections in the movement trajectory to ensure am~accutate

movement, Elimination of the period of low velocity, in which such <

87
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Figure 18. Effect of laterality of stimulus
presentation .(i-ipgilaterql; C-contralateral) on tlr}e
.latency ‘tq initiate "movemer;t of the eye;s (. ) and
hands ( O ), when either the Left or Right hands
were used for reac:;hing. Note that both the eyes ¢

" and hands initiated movement more quickly for

‘ipsila.teral target presentations than contralateral °

~

target presentations.
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.31. Indeed, whéﬁ;ﬂsparate tftests‘wére pegformed for the Z-scores of
‘these two conditions only the Brief target correlation‘wa% significantly
greater than zero t = 4.19, df’= 55, (p < .001). Thus, the lateral

: errors of the two systems were positively correlated onlf when the

target was briefly presented.

. ¢
The final investigation of the data was an analysis of variance of .

the mean lateral errors with the System of Movement (eye -versus hand) as
an additional factor. Eye position errors (2.10 degrees, sd = 2:03)15‘
were larger than tﬁe hand position errors (1.29 degrees, sd = 1.02).aﬂd
this difference was statistically significant (F(1,6) ='12.40, p < .05),
despite the large amount of variability. Main effects of Séimulus

<
Duration (F(1,6) = 91.46, p < .0001) and Eccentricity (F(1,6) = 39.93,
p < .001) were both present, and a Stimulus Duration x Eccentricity
interaction was present (F(1,6) = 8.91, p < ,05). The lack of
interactions between the system of movement‘pnd any of the ‘experimental
conditions indicated that both the eye and hand movement errors were
affected similarly ﬁy these experimental conditions. Figure 19
illustrates the Stimulus Duration x Eccentricity interaction for ;he eye
and hanéverrors separately.. Errors were larger for Brief targets
overall, and for 20 degree targets overall. 1In addifion, the increase
in‘error with increasiAg target eccentricity was greatest for Brief
target presentations. These effects ;re clearly evident for both the
eye and limb movements.

The analyses performed in this section indicate that not only was -

the performance of the ocular and manual motor systems correlated for

the latency to initiate movement and the accuracy of movements to Brief
s b | 3

targets, but both systems were affected similarly by changes in the




Fisure 19. Effect of target éccen;ricity (10
and 20 degrees of visual anéle) on the lateral error
of eye (@) and hand ( Q) movements to br'ieef (B)
and persistent (P) targets. Efro?s of both ‘the
eyes and hands were larger for brief target presenta-

tions and for more eccentrically presented térggts.
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experimental conditions. The implications of tbese~findings to the

visval motor control of reaching are discussed below.

L4 3

Discussion

&

The present study attempted to integrate a number of approaches in

the study of visually guided reaching, so'as to describe tHis important-

e

behaviour in greater detail. To accomplish this, the létency, accuracy

¢+ and kinematics of an unrestricted limb movement Ehrough 3-dimensional
space, were studied under varyiné conditions pf visual information, and -
the retationship between eye and limb movements, under these s;me

conditions, was also explored. The findings have implications for a

* - - «

number of specific issues but some general statements about performance

of this task can be made. )

- n

The accurécy‘with‘ which all subjects performe! the task was
excellent. Even when the.targeté;?s presented very briefly the éubjects

were able to localize its positién by a pointing movement, with errors

of only a few degree’ of visual angle. The fact that the subjects

demonstrated such precision without the benefit of a great deal of

-

practice in the paradigm, indicates that the production of such visually

guidéd limb movements is a highly skilled human behaviour. . Although the
. S
specific paradigm was unique, the required movement was similar to the

common behaviour -of reaching to, and acquiring objects in space.

The movements consisted of an initifal rapid acceleration phase,

followed’ by a more prolonged deceleration as the'target was approached.
The majority of studies of limb movement have reported more symmetrical

velocify profiles than tﬁose found in the present/éfudy (Lestienne,

1979; Morasso, 1981; Laquaniti and Soechting, ;582; Hore, Vilis and
4 ~ . {
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Flament, in press). Some of these'studiés used movements which were
restricted to rotation about one jéint (Le;tienne, 1979; Hore et al., in
press) or movement in only one plane (Morassé, 1981), rathgr than
unrestricted, three-dimensional movement. Laquaniti andlSoechting
(1982) have reported symmetrical velocity profiles for shoulder and *
élon angular velocity during an unrestrictéd arm movement but found
more variable and less symmetrical profiles for wrist movement. Since
velocity in the pgesent study represehted movement of the fingertip
through thrée-dimensional space, and since a high degree of-accuracy was
required, the skewed velocity profiles may not be incompatible with
previous findings. For more complex, multiple jq}nt movements, such as
those examined in the'presenttstudy, the manner in which'instanﬁaneous
angular Qelocity abou; {ndividual}joints relates to the velocity of the
hand and’fingers ;émains to be gxplored. In another study which
demané;d highly accurate, unresf;icted limb movement Carlton (1981)
recorded the velocity of a hand-held stylus, dirécted at a visual
target. He also found a prolonged deceleration phase with a period of-
,very low Qelocity in the final portion of the movement. Thus the
constraints placed upon the movéﬁ:rt. and ;he fegree of, accuraéy
required, may affect the resultani velocity profgle. Most studies of
limb movéments have looked at highly practiced movements.

Geergopoulos' et al. (1982) found that the variability in the

trajectories produced by his monkeys, was reduced with practice. It is
possible that with increased practice there is less reliance upon
terminal corrections in the movement trajectory to ensure amaccutate

movement. Elimination of the period of low velocity, in which such b

87



'finger movements necessary for the proper graspiﬁé of objects such as

‘ édnﬁectioﬁp via the pyramidal tract.-—grom the study of split~brain

& . °

corrections take place could result in a more symmetric velocity profile

!

of ‘the movement . ’

The aspect of the. required movement that most consistently affected

-

the performancejof the subjects was the difference between ipsilateral -
i .

and contralateral reaches. This factor affected almost all of the

- A [ .
measures that were analyzeé, and in- addition ‘interacted with the effects
of variations in target eccentricity. A number of possible hypotheses
can bhe proposed to explain these differences. Although some are more

plausible than others they are not mutually exclusive. One problem in

interpreting the findings arises from the fact that contralateral

v <

reaches involved reaching into contralateral visual space, as well as

contralateral extrapersonal space. Therefore-reaches,directed to a

.different visual field relative to the hand being used also invglyed

: . o
reaching across the body axis, and thus required a different pattern of

?

muscular activity.' Both the position of the target in visual space, and

the pattern of muscular activity required to reach to this position,

could have affected the measures which were analyzed.

’

Studies of the cerebral motor‘cbntrol_of limb movements in the

v

rhesus monkey {Lawrence and Kuypers, 1968a,b; Brinkman and Kuypers,

1973) have rkvealed that while one hemisphere can control the proximal '

M ”

musculature of both ipsilateral and contralateral liﬁbs, it can control -

the more distal musculature of only the contralateral limb. This

A v
L]

control of the distal muscles is required for the relatively independent
. a [ P

- °

food pelléts, and is dependent upon &igect corticomotoneuronal
R - ) ) [ :

i i L ) . tl
monkeys, Paillard and Beaubaton (1975) have suggested that the cerebral

-
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. ) ‘ .
hemisphere ipsilateral to the limb thét reaches, is unable to make use
.0of visual feedback info;mation to modify the trajectory of the movement.
Thus, they found that the combination of the ipsilateral hemisphere and

P ' 1
limb resulted in decreased accuracy of reaching. These primate studies
&

suggest that normal visually guided reaching of human subjects may be

initiated and controlled by the cerebral hemisphere contralateral to the

»‘qf
limb being used. If the motor response to the target presentation

relies on hemispherically organized'mechanisms, the programming of a
reach into the visual field ipsilateral to the hand used could take
place within the same hemisphere that is initially stimuiated by the
target presentation. Contralateral reaches would require that either
information of the location of the target in space or the motor program
of éhe reaching movement, cross from the hémisphere ipitially stimulated
to the opposite hemisphere. Indeed, the latency té initiate a movement
was higher for contralateral reaches, which is suggestive of sQ;h a
transfer of information. v
Poffenberger (1912) w;s the first to suggesé that- astimates of the
':amm'reqﬁired for-transfer‘of informati;n between the hemispheres could
be méde on the basis of differences in manual reaction time to
. . 2

lateralized visual stimuli. Since tbenNg number of studies have been
(é uct@ ‘on this topic, with various paradigms (see for review,
Bashore,‘1981). The estlmates from stch studies have ranged between
1 ms and 6 ms for 51mp1e reaction time paradlgms and have been larger

\¥nd more variable for complex garadigms The difference between

ipsilateral and contralateral reaching latency in the present study

averaged to 23 ms. This corresponds closely to a differepce of 27 ms in

reaching ljtency reported by Prablanc et al (1979a), although they had

(%
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ah unequal probability of the laterality of target§onset and usg@ the
responses of only one hand. Complex reaction time‘paradigms have also
Yielded-estimates of interhemispheric ;rénsmission'tiﬁe in Fhis range
(Bashofel 1981). This increased complexity has geﬂerally referréd to a
requireﬁent that the subject make a degision, either to respond\or ﬁot,
or to respond in one manner versus another, based on the characteristics
of the stimulus. The present paradigm represented a diffefenttincrease
in complexity since movements were directed to the location of the
target, and thus the reéponse consisted gf more than the—releése of a
simple, preprogrammed motor Sehaviour such as a fiqéer fleyion. The
différence between ipsilateral(and contralateral iatency may ;epreséntn
an estimate of the time required to’ transfer the complex_information

that codes either the location of the target in space or the motor

program for a directed limb movement, between the two hemispheres by

¢

v

callosal or extracallosal routes.
- Factars other than the transfer of information between the two
. ¢

. hemispheres may'also contribute to the difference between ipsilateral
and contralateral latency. Hgilman (Heilman and Valenstein, 1979) has
suggested that the body axis is an important reference point for all
human spatial behaviour. On the gasis of studies of patients with
‘unilateral qu;n damage, he has proposed that unilateral spatial neglect ’
7 ) represents "an akinesié for any act which must be performed in the R
neglected (contralateral) hemispatial field" (page 290). If human

behaviour is organized with such a spatial reference, it may bé the case

. that a limb movement which crosses the body axis is programmed

differently from a movement which takes place entirely within the

ibsilateral hemispace. An increase in the complexity of the required

-
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motor programming or a change in the neural circuits involved in such

programming could also account for differences in-the latency to

initiate movement. Another possible factor which could account for this

finding is the differences in the muscles which are responsible for

N -

producing Jipsilateral and contralateral reaches. Although the movement
at the fingers, wrist and elbow were the same for both directions of

reaching, the movement about the shoulder d;fféred. while ipsilaterali

reaéies primarily involved contraction of the deltiod and trapezius
muscles, contralateral reaches involved contraction of the deltiod and
pectoralis major. It is possible that an increased period of isometric

contraction time for the muscles used in contralateral reaches was

‘responsible for the increased latency to initiate movement. ' In fact,
all of these explanations are possible and may have contriputed to the

differences in latency which were found. oo ‘

.

Movement latency was also_affecéggﬁg; the eccentricity of the

targets with an increase 'in latency at greatdr eccentricity.

4 L

Prablanc et al "(1979) reported the same. finding, and suggested that this

-

difference may reflect "the increase in visual latency on the peripheral

retina". It is unclear what was meant by "visual latency™ but the

magnitude of the differences make it unlikely that thé increased

- v

distance travelled by peripheral retinal axons could account for this
result; A reduction in tﬁe number of ganglion cells activated by a
periéheral stimulus may have also resulted in less efficient
transmission for more eccéntric targets,‘hut the increase in 1atenc§
with increasing é@centricity was alsé found to be greater for _

contralateral as opposed toYipsilateral reaches. Thig result caennot be

explained solely on the basis of differential transmission times for
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central versus peripheral retinal pgocesses.' In addition, the pattern

of activated muscles would be the same for reaches to either -
eccentricity%bn'ihe same side of the body, and thue the differing

[

effects of target eccentricity for.ipsilateral and ‘contralateral reaches

~ 4
does not reflect differences in isometric contraction time. If an

- A

increased period of isometrié‘cqptraction is required for movements
which cover a greater distance, .this effect should hdve been comparable

for ipsilateral and contralateral reaches. Rather, an increase in the

rl
-

. .9 . . .
time required to transfer information between the hemispheres when a -

more eccentric tarqet must be achieved, or an increase in the time

'required to progr a movement which crosses the body axis to 4 dreater
, any ,

-

. extent may account for the differing effects of eccentricity for

L
L. . { .

ipsilateral and contralateral reaches. Such explanations would not be
-

-

‘ -
expected to hold in simple reaction time paradigms such as that studied

by éerlucchi, Heron,"Hyman, Rizzolatti and Umilta (1971), which do not
require a movement to the target location. Although it is apparent that
contralateral reaches are initiated more slowly and are affected by the .

' . ’
eccentricity of the target to a greater extent, the source of these
differences.-remains unclear.
. ‘. .0 - . - ’
Differences bétween ipsilateral and contralateral reaches were also

.
-

evident for all of the kinematic measures derived from the video

. . . . -
records. "’ Ipsilateral reaches were generally completed more quickly than -

Ay

contralateral reaches, and with a higher peak Qelocity.- A number of

Ll

L]

interpretations of these findings exist. One possibility is that the '
mechanical constraints of the skeleﬁa;-muscular system differ between ° g)

ipsilateral and contrgiateral reaches, such that antagonist activity

opposing extension of the arm is,greater for contralateral reaches.

L

. o . ' - ;
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This is difficult to assess without EMG records of agonist and

antegoniet activity, but such ar assessment would be diff}qult since it
would involve comparison ofrthe activities of different groups of
agonist and antagenist muscleé.for the two directions of movement.
Since the maximum velocity of the movement oécurs ;arlf in'the reach ané

therefore close to the midline of the body, any additional "braking" by

antagonist activity in contraLater51 as opposed to ipsilateral reaches

- ’ - ~—

may be minimal. A second possibility is that the different péttern of

-

&
muscular activity required for contralateral reaches make it impossible ,

P ’
~ ¢

to produce movement at the same velocity as ipsilateral reaches. This
is again dif;;cult to assess, but while thege possibilities may hold for

the comparison of ipsilateral and contralateral reaches in general, it:"‘.l

L2

is less likely‘thaf they can account for the differiné effects of target

eccentricity within ipsilateral and contralateral conditions. ,
’ - Y

] . . i

An increase in the maximum velocity of reaches to 20 degree ta;éets

-~

over 10 degree térgets was evident for ipsilateral reaches but not for
contralateral reaches. Scaling movement_amplitude by changes in thé -«

¢ magnitude of the maximum velgcity has been reported for limb movements
- - - -

7

about a single joint {Cooke, 1980; Freund and Budingen; 1978; e
Hallett and Marsden, 1979), saccadic eye movements (for review, see
Carpenter, 1977), and tongue dorsum movement during articulation (Ostry,

‘ Keller énd Parush,vpersonal communication). Therefore, although the
N - L}
findings of the ‘present study demonstrate that 51m11ar scallng of

movement amplltude may take place for unresté&cted three-dimens1ona1
limb movements, it is true of ipsilateral reaches only. Contralateral

¢

reaches demonstrated  instead, a prolonged deceleration phase of the

movement when required to move a greater distance. Since scaling of

-

B
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~ movement distance by chariges in maximum velocity has been reported with

a variety of muscle systems, it is unlikely that the difference in

S -

pattern of muscles required for contraiateral reaches can account for
the failure of scaling in this condition.: If antagonistic activity of

axial muscles was resulting in a "braking” effect for contralateral

.

reachgs one might expect a lower.sténdard deviation of the maximum

LA &
_velocity for more eccentric reaches because of a ceiling effect, but no

- i ' . ‘
evidence uf this was found in the data. Although the mechanical

. A

]

cdnstraints'ﬁpd the different pattern of muscular activity may have

contributed to éhg obtained results they cannot totally account for the

v
’ a -

differences betwgﬁn ipsilateral and contralateral reaches.

»

] N . N
As with the, latency findings, the possibility exists that the
ipsilateral/ggnﬁralateral differences in kinematic measures reflect

-

diffgrencgsvin the programminq of movemen?s directed-to different visual .
fields oﬁnpp different sides of the body axis.e Since position éf the
target rela;ivé to visual space and relative to the body are confounded
in the presént study,vit is notapossible to determine which of these two
* factors makes a contribution to the observed effects. By varying the
position of the target in the visual field independeht of ifs position
in space relative to the body a#is, one may be égle to determine which
of these factors is a&minant for a particular measure, or how the two
factors interact. It is clear that ipsilateral and contralateral
reaches to visual targets diffgg in the time required to initiate themr
éyyd'in their‘spatial-temporal characteg}stics, but the factors which
;nderlie thege differences remain‘to be explored. .

It is not surprising, given the previoﬁs discussion, that the

accyracy of the final position of the movement was also.affected by

-
»
" ol
.
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whether the reach was ipsilateral or contralateral. On average,

~contralateral reaches were less accurate than ipsilateral reaclies. The

left hand errors were roughly equivalent for ipsilateral and
contralateral 10 degree ﬁargets, but there was a marked difference

between iésilateral and contralateral 20 degree targets, regardless of

- the hand used. Since this effect was independent of the target duration

or the production of eye movements it cannot be attributed exclusively‘

¢ . \

to an inadequate use of wvisual feedback or to the poor spatial

resolution of the peripheral retina. One could speculate that a failure

v

i
to anticipate the effect of an increased stretch of antagonist muscles
might result in an increased undershoot of the lateral position of the
target for the more eccentric, contralateral reaches. However,

increased antagonist activity would also be expected to result in an

undershoot of the vertical, as well as the lateral position of the

target, and this d4id not occur. Thus, it is uniikely that increased

antagonist activity alone could account for the obtained results. As I

Y

1 }
have discussed above, it is impossible t6 distimguish whether the
<. ] - .
ipsilateral/contralateral differences result from the position of the
. J/
target relative to the body axis or the visual field. Because these

differences are so pronouncedﬂfor the majority of movement -

—~
-

characteristics studied, it is important that a distinction be made
hetween these two possibilities.
From the early part of this century, researchers have attempted to

determine the neural areas involved in visual motor control through the

-study of patients suffering from brain damage (Balint, 1909; Holmes,

1918). sStudies of -this nature have examined the accuracy of movements

'dirgcted to the visual field, or side of the body axis, ipsilateral or

"4
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contralateral to the site of brain damage. Although deficits in the

locilization-of objects in the contralateral visual space, €ollowing
ugilatéra; brain'd%mage have been reported (Riddoch, 1935; Brain, 1941;
Ratcliff and Davies-Jones, 1972; Rondot and de Recondo, 1974; Levine,
Kaufman and Mohr, 1978) bnly LeQine et al (1978), in a case study, have
attempteé to distinguish carefully, between effects related to the hand
being used, versus the visual field in which the target f; presented.
It is unfortunate that this area of investigation has lacked
quantitative measures and a good base of normative data with which to
- -

compare the patients' performance. The results of the present study
demonstrate that a number of measures, in addition to accuracy, may be
used to describe visially guided re;ching, and that a number of complex
factors may affect this behaviour in norT}I subjects. .If we are to gain
an understanding of the neural orgaqizatiqn of visual motor behaviour,
we must consider how the movements are related to the visual field and
extrapersonal space in which they occur, for both normal human subjects
and-fo£ patients suffering from neural dysfunétion.

The pres;nt study also addressed the question of how visual
information contributes to the guidance of movement of the limbs.
Prablanc et al. (l979a)\?uggested that optimal visual guidance of the

— ¢
limb involves the triggered release of a central program; central

~ \

proceésing of peripheral informéfién”which allows early modification of
the motor program; and processing ofh;éripherallinformation through an
external comparator such as tﬂe r‘tiﬂa in order to achieve an accurate
final position. Paillard'(1982) suggested that the t}pé-of
information used for the coﬁpari;on'of the hand and target positions

varies with ‘the portion of the retina on which their images fall. He

96




proposed that "dynamic? information is used by peripherél visual
processes while central vision makes use of "static" cues. 1In the
present study the use of visual feedback of the relative positions of
the hand and target, was only possible during pefsistent target .
presentations. The use of this information in the accurafe completion
of the movement was evident from the increased duratiQn and accuracy of
reaches to persistent targets, a finding consistent With that of
Prablanc et al. (197%a). -Since the kinematic measures of the initial
acceleration phase of the movement were,not affected by the target
duéation, the modifications of the motor program respon;ible for the
improved ;ccuracy most likely occurred during the decelefation phase of
the movement. “

An advantage for the use of central visual processes as opposed to
only peripheral ;isual guidance of the movement was also apparent. When
;he subjects reached to persistent targets without loocking to them, -

feedback of the relative positions of the target and hand was available

only to the peripheral visual field. In contrast, foveation of the

target allowed the subjects to use the central visual field for this '

comparison, and resuléed in the greatest degree of overall accuracy.
The vertical component of the overall vector error was also reduced by
the production of eye movements, but this effect was independent of the
target duration and therefore did not reflect a ¢tomparison of hand and
target positioﬁs: Since the eyes were not required to move'iﬂ the

vertical plane, the point in space which the eyes fixated could have
L 4
served as a reference point for the vertical position of the target.

Therefore, movements of the eyes could have allowed for the comparison

of the posifion of the hand relative to this point of fixation within

-
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the central visual field, The present findings support the concept that
visual feedback of the relative po§itions of a target and limb can be
used to optimize the acgwracy of a rapid pointing movement, and that
such information is processed more efficiently within the central visual
field. The finding that eye movements did not improve pointing accuracy
to briefly presented targets,nalso confirms the results of

Prablanc et al. (1979a), who found that the production of eye movements
do not increase pointing .accuracy unless these eye movements allow the
subsequent comparison of hand and target positions, 59 central visual
processes. ' )

Compariséns of the eyé apd hand as motor systems directkd to a
common target, Fevealed Qh; interaction of the two systems. The
significant correlation of %ye and hand latencies within the
experimental subconditions argues against totally paréilel processing of
information by these two motor systems, and argu;; insfeéd for a common
§ensorimotor integration of the two moveﬁggts. Some parallel processing
of the. two motér systeﬁs indoubtedly occuré‘as'Well, since th;

5\ "

correlat}bn between{thé twg systems was not perfect. However, the

AY R .
positive correlatiop betweén movement latencies, as well as other
findings, point to éoﬁe common processing. "Prablanc et al. (l979a)}
previously reported correlations between th; latency of eye and hand
movemént of a similar magnitude to that found in the present ;tudy, but
they did not analyze tﬁ;(statistical significance of these eorrelations
and considéredhthem to be too small to be indicative of common
sensorimotor processing. The fact that the positiée correlation between

>

the latencies in the.present study was not unique to” a particular set of
o .
experimental conditions, suggests that the common integration of eye and
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limb motor programming may occur for, many visually guided limb '

. v

movements. Additional support for the concept of common sensorimotor %,
5 A 7 “

-

integration comes from the parallel effects of Fhe’experimenta} -
conditions on the lateecy of both systems. These results are most
easily explained by changes in Ehe processing time of a neural network
engaged in the programming of both eye and limb movements.

The latency to initiate movement was affected by the pgsition of
the target relative to the hand be;ng used for both motor systeme.
Thus, eye movement as well as hand movement latency was lower fer
ipsilateral reaches than contralateral reaches. If the integrated motor
progremming of both movements takee place within one cerebral
hemisphere, tﬁis difference may reflect the interhemispheric transfer of
information in the contrqlateral condition. The possibility of such
interhemispheric transmiséion‘;as already,been discussed with reference
to the movements of the hand alome, and may hold equally ;ell when both
systems are involved in the movement. . Since the pattern of muscular

activation was the same for eye mpvemente to either ipsilateral or
contralateral targets, variation in biomechan;cal constraints or
isometric contraction time cannot account for these latency differences.
The sug;estion that there is a hemispheric organization of the
systems responsible for programming these directed movements is
supported by the presence of a right hand advantage in movement latency.
This advantage everaged 27 ms formthe hand moveﬁents and, 30 ms for éhe
eye movements. Since the distal limb musculature involved in the
reaching movement is controlled by the oéposiQe cerebral hemisphere

(Lawrence and Kuypers, 1968a,b;- Brinkman and Kuypers, i973), the right

hand advantage in movement latency suggests that the sensorimotor

-
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integration of the eye and limb movement, is carried out more
. « ™

»
[

efficiently by the left hemisphere. Based on the study of patients withwh

v

unilateral brain damage, Ki@ura (19823 has suggested that_the left
hemisphere is specialized for the control of complex manual-movements
.performed b§ either the left'or right limbs. Such specialization may
extend also to the control of visuvally guided deeéents of the limbs and
eyes. Al;hough it remains unclear‘at which foint in the motor
programming this common processing of sénsorimotor informatien takes
place, and which heuroanatomicél areas subserve such a function, it is
apparent that for directed eye and limb movements there is a sigﬂificant
amount of interaction between the ocular motor %nd manual motor systems.
Thg positive correlation betwéeﬁrthe eye ag; hand error scores for
the brief target condition conflicts with the findings of
Prablanc et al., (1979%) who examined the 'accuracy of the eyes and hand
under open and closed loop coqﬁitioné.; The present study did not
examine the accﬁracy of the two systems in a truly-open loop situation,
which would have eliminated any possible use of visual feedback to guide
the movements. The brief target presentation in the present study ondy -
eliminated the possib}e‘use of feedback of finger and target positions,
but allowed visual feedback of the position of the limb in space. This
information may have been used to compare the position of the limb
relative to the point in space which was fixated or relative to a
particular retinal locus. * Since eye movements were completed before the
limb movements, the position in space that was fixated by the eyes may
have 'seryed as the best ‘indication of where a brief target had appeared.

Therefore, the finger could have been directed to this point of

fixation, under visual gquidance. If this occurred, errors in eye

L]
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# pd%?iion'would necessarily result in correlated errors in hand position.

‘Although Parablanc et al. (1979) failed to, find a significant
. correlation in errors with B}ie¥ target presentatiéhs, their "restricted
vision" céndition differed from the present study in that the target
remained illuminated'uptil the eyes began to move. The additional
amount -of time to localize the target which this procedure allowed may
have eliminated the use of the trefixated center ofkgaze as a target for
. the‘limb movement. |
“ ) AAlthough the errors of the two systems were correlated only for
briefly prééented'targets, the experimental condit%ons had similar
effects on the accuraéy with which the two systems localized the target.
Erro?s for the eyes and hands increased with increased taxget
eccentricity, and also increased when the use of visual feedback Qas
o reduced by brief taiget presentations. Thus the interaction between the.

-+ two systems that is evident for the initiation of movement is also

evident for their ultimate localization of ‘the target in space.

~Carlton (1981) drew an analogy between corrected changes in limb
movement trajectory and secondary saccades, which he suggested were both

controlled through the analysis of visual feedback information. Based

» LN

on the results of the present study this analogy seems good. 'The ’

presence of visual feedback information resulted in an ingreased period

J

of low velocity as the target was approached by the hand and in an
increase in the production of seconhdary saccades by the eyes, both of
which probably reflect the comparison of retinal error information.

. The present study has made a number of contributions to- the study

of human viéﬁal behéviour.-APerhaps most important, has been the

-

- demanstration that the more complete description, made possible by the
- . . . . ;;"Jf. C '

-
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use of a combination of recording techniques, provides a much better

|3

* 5, ‘understqnding of the complexities of the béhavioﬁr.' Through such
) . ° ‘ & » N

analf¥es, we are able to see how certain ‘timulus characteristics affect

el . ~ .

Nt N , ain
the total performance of an integrated mQtor response. A major finding

.

:of the present study was the pervasive effect of the relationghip >

7

between the spatial position of the target and the hand being used to

)

“' reach to it. 7The significance of this finding, and the questions it
. L J
#aises about the spatial control of visua}ly guided movement, arise

’ directly from the large number of éharacteristics o{;the behaviour which

«

were' affected. The simultaneous regording of the eye and limb movements

3

demonstrated the manner in which these two distinct motor systems

-

interact in coordinated, visually guided behaviour. It also

demonstrated that factors which affect movement of one -system alone can

. h LN
affect both systems, when they are performing in an integrated manner. °

5 -

The complexities of human. behaviour which are under visual control is
. . A

overwhelming, but through more complete examination of behaviour under

L
controllefl conditions, we can begin to un?erstand how we control the

movements of our bodies through space”

5
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Summary
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) Previous studies have indicated that the latency to initiate a
motor response to a visual stimulus may vary with the lateral position

Q

of the stimulus relative to the visual field or relative to the body .

»

axis. In thes preceding study, visually directed pointing movements to

‘ipsilateral and contra;atefal targets were found to vary in latency,

’ vélociéy and aécu{aéy but it was n@t ppssible to determine if the

lateral;ty différences could be attributed to T™e target p051t10n

, T

relatlve to the v1sua1 flel_dt or relative to the body axis, or whether an. ‘

~
3

“J

interaction of the effec;s o§.both spatial frames of reference accounted

‘for the flndlngs. In thlS study four subjects, three of whom

t ] b ~

participated in the previous study, were asked to point quickly and

accurately to visual targets presented at eccentricities of 10 and 20

-~ -

degrees to either side of the body midline. The duration of target
illuminationr was 100 ms so 'that visual information of the target

position was presented to.only one visual hemifield. The spatial and

temporal characteristics’ of the limb movements were anaiyzed from video |

records of movement through all three dimensions. Blocks of trials were
run in which vistal fixation corresponded to the midline of'the body

axis, and additional blocks were run in yhich the fixation point was 30

\

degrees eccentric to the body midline. For these latter trials, target
e - .
laterality and eccentricity differed with regard ep’body—relative and

visual field-relative space. Movement velocity was found to be

independent of the point of visual fixation, and varied according to the
»

position of the terget relative to the body. Movement latency and

-

accuracy were affected by eccentric visual fixation. Latencies were




«

shorper for targets on the ipsilateral side of the body midline gnly
when the subjects fixated centrallQ. Similarly, the accl#racy of the
pointing movement was'decreased for.reaches across the body axis only if
the target haé also been presénted to the contraléteral visu;l field.
Thus, although the velocity characteristics of the movement execution
depended only upon target position rglative to the body axis, the
accuracy with which the target could be lotalized and the speed with

N
which the motor output was processed depended upon the position of the

target relative to the visual world as well as relative to the body

axis.
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Introduction

Movements of the upper 1im?s tdward'objects in space, are a class
of‘skilled motor behaviour which is particularly well developed in
primates and in man. It is with such movements that we are able to
reach to, and acquire, objects of intgrest within the environment., 1In
order to gain an understanding of how the central nervous system
produces such fundamental human behaviour we must begin by éescribing

) £hose features of the behaviour which charaé??rize its production. The
previous study provided a comprehensive examination of the
characteristics of unrestricted, multiple’joint movements of the limbs,
through three-dimensional space,‘%oward visual targets. The most
striking findings of that study were the differences between reaches ‘
directed acfoss the $bdy axis tbwa{d tgrgets presented in the visual
'heﬁif;eld contralateral to the hand being used, and those directéd to

'targets presented on the ipsilateral side of'the body and the.
'ipsflateral visual hemifield., ;hese différences were apﬁarent in most
of the measures that described the movements. Contralateral reaches

were initiated with a longer latency, required a longer duration for

completion, and were less accurate than ipsilateral reaches. Similar
findings had also been noted by Prablanc, Eschallier, Komilis and

Jeannerod (1979a) although they did not discuss these results or the

possible sources of these differences in detail. .
The previous study also examined the velbcity of limb movement

throughout its trajectory and found that ipsilateral and contralateral

reaches differed signifiéantly. Most important was the finding that

-~

ipsilaterally directed movements of differing amplitude showed




appropriate scaling of thé maximum velocitg;attained during the
movement. Thus, movements of a gréateg amplitude attained a higher
maximdg‘velocity. ‘Similar scaling of maximum velocfty had been noted as
a feature of the motor programm;%g of rotational movements about a
! single joint for the afm and finger (Frednd andﬁBudinge{Q 1578; -
Hallet and Marsdgn,'l979;'Cooke, 1980), but for the multible joint
movements of the prev1ous study this was only true for 1ps11 teral
reaches. In contrast, for contralaterally directed reaches t&e duration
of movement rather than the maximum velocity appeared to be\the
parameter which was scalgd. For contralateral reaches the same maximum
_;///'vel ity was attained, }eéardless of the required aistance, and larger
-
movemejts took a longer period of time to complete.
- ‘ )
The differences between ipsilateral and contralateral reaches for a

number of aspects of performance raises important questions about their

_—

~~
pogsible soyrces. Unfortunately, there have been very few comparisons

of these two types of movement and as a result it is difficult to

determine the neural ofganization which may be respoﬁsible for these -

.

differences. Studies of the time required to react to lateralized

visual stimuli may provide the best insight to thi; question. ’If
subjects_;re asked to respond to the onset of a visual stimulus by
pressing or releasing a switch with fhe finger, the l?tgncy to react to
s;imuli presehtéd in the visual hemifield contralateral to ghe hand
being used is higher -than the latency tfo respond ;o ipsiléteral stimuli

(see Bashore, 1981 for review). This effect has geen attributed to the

»

-t

additional time required to transfer informatjén about target onset

- . -

+
between the cortical hemispheres when the hemisphere which initiates the

-

: response is not that which is first stimulated by jghe targe;,dnset



(Pfoffenberger, 1912). The pfocessing of a motor response to the onset
of a lateralized stimulus is thought to be more efficient when performed
within one hemisphere than when information must be transferred between
the cerebral hemispheres. Differences between the latency to initiate
responses to ipsilateral ané contral;teral stimuli are therefore
con;idered as estimates of the time required to transmit information

-
between the two hemispheres. In the previous study this average -

difference in movement latency was 27 ms. Although this value exceeds
'most estimates of interhemispheric transmission time (see Bashore, 1981
for review), it is possible that a transfer of information between the
hemispheres accounted for the difference in ipsilateral and
contralateral'latency, at least iﬁ éart. Since an accurate directed
'movément of the limb was required, the task demanded a greater amount of
processing of sensorimotor information than is required for éﬁe release
. B
of a simple preprogrammed response to stimulus onset. This ﬁiocessing
f ’
of visual information and programming of the appropriate motor response
may 3f;Tore efficient if carried out within one hemisphere rathér than

1nvolv1n§ transfer of information between hemlspherlcally organlzed

systems. A difference in the efficiency of intrahemispheric vetsus

-+
-

intefhemispheric processing of complex information could have accounted
for the difference in latenéy to initiate movement, and in addition, may
have accqunted ¥or the differences between ipsilateral .and contFaIéteral

reaches on heasures of movement velocity and accuracy.

There are difficulties in interpreting the results of the'previous‘

" study within the context of the reaction time literature. First, both
LR 4

pro®imal and distal musgulature were involved in the pointing movements.

As Kuypers and his co-workers (Lawrence and Kuypers, 1968a,b;

108
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Bripkman and Kuypers, 1973) have found, while the control of the distal
muscles of the arms of monkeys is restricted to the contralateral

cerebral hemisphere, activity of the proximal muscles can be controlled

by either the contralateral or ipsilateral hemispheres. This raises the

S

bossibility_that some of the differences between the two directions of
movement may reflect qontrol of the proximal limb muscleg by the
hemisphere on the same side of the body, for contralateral targets, as
compared to control by the opposite hemisphere for ipsilateral targets.
Other differences may indeed reflect transfer of information between the
two hemispheres for the control of distal muscles. A second problem in
interpretation of the previous study, which is not completely distinc%
from the first, arises from the different pattern of muscular‘zziivity\
required for the two movements. While the majority of the muscles
responiible for extension of the limb toward the target did not vary,
the most proximal muscles, responsible for rotation gbout the shouider,,
differed for movements awéy from, as opposed. to across the body axis.

It is again possible that some or all of the differences between |
ipsilateral and contralateral reaches could have ariée; from the
different pattern of proximal muscle -activation required by the two

movements.

Another difficulty in the interpretation of the

. ipsilateral/contralateral differences is the fact that the production of

a precise directed movement is a significant departure from a simple
response: In reaction time studies, more complex forms of responses ,
have generally been a choice response. 1In these paradigms subjects are
required either to respond with one hand versus the other, or to respond

"

or not respond (go-no go), depending upon the characteristics of the
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stimulus. Studies of this type have found that the reaction times for
“lateralized visual stimuli may vary if the spatial positions of the

responding hands are varied (Wallace, 1971; Brebner, Shepherd and

?
[

‘Ca&rnex,'1972; Anzola, Bertoloni, Buchtel and Rizzolatti, 1977;
Berlucchi, grea, DiStephano and Tassinari, 1977). 1If the hands are
crossedl the fastest response time to a stimulus lateralized in the left
visual hemifiela is no longer performed by the left hand. Rather, the
fastest response is performed by the right hand which is now on the same
side of the bgdy as the stimulus. It has been suggeéted that this
result reflect; stimulus~response compatibility and "the natural

tendency to respond to lateralized stimuli with the hand that is in the
. 7

a

'appropriate spatial position" (Anzola et al., 1977, page 295). However,
Bowers and Heilman (1980) have suggested an alternative explanatién,
which is that "“each hemisphere is important for the mediation of,
perception and/or activities in the contralateral hemispatial field"
(pagé-495-496). The concept of hemispatial fﬁeld‘is distinct from the
division of the visual field into left and right hemifields. As Bowers
and Heilman (1980) explain "the~hemispatia1 body field refers to the
external space to the left or right of thé b;;y midline. ...Regardless
vof where the eyes are fixated, the hemispatial body field remains )
constant." (page 496). 1In order to investigate the impoftance of ﬁhe
visual hemifield and‘body hemispace for a reaction time’response,
. Bowers, Heilman\and Van Den Abell (1981) used a go-no go £eaction time
paradiqé. They reguired the subjectg to fixate an eccentric position #
witﬁout.changing the position of their head or body axis. Thus

Bowers et (1981) were able to present stimuli to either visual

hemifield within one body hemispatial field. Using this method they
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found some egidence of a visual hemifield/body hemispace compatibility

effect in addition/to an advantage for ipsilateral hand/visual hemifield

responses.
In the previous study-the positions of the targets in the visual
This confounding

hemifields and the body hemispacé were the same.
raises the qﬁestion of whether the visual field or the body space serves

as the spatial frame of reference within which directed movements of the

Since ipsilateral and contralateral reaches

limbs are organized.
differed on a number of measures of performance, it is also possible

that some aspects of the movement are organized relative to one frame of

-reference while other aspects are organized relative to another. As a-
%

first step in determining the possible neural basis for the results of

the previous study, an attempt was made to eliminate the confounding of
By varying the initial fixation point

Eaca e

the visual field and body space.
from directly in front of the subject to eccentric lateral positions it

was possible to preseht the targets in one visual hemifield and the
4
It was then possible to examine whether the

opposite body hemispace.
measures of movement latency, velocity and accuracy varied with the

target position relative to one frame of reference independent of the

/ cother.
Methods

! .
e

j
/
_ - Subjects
Subjects were 4 right-handed volunteers, 2 males and 2 females,
Three of the subjects, both males

|
ranging in age from 26 to 28 years.
None of the

|
and one female, had participated in the previous study.

f
subjects required visual correction.



Apparatus for Data Collection

-, Y

During testing the subject was seated facing a 31 cm high by 90 _cm
long screen gbil contained a horizontal array of ta,;'%t lights. The
subject sat wi head held in a chin and head rest, and with a distance

of 50 cm between his eyes and the screen. The screen was centered with

respect to the eye level of the subject and was covered with a black
cloth which eliminated any view of the unilluminated target 1lights.
Three one-degree diameter, white fixation points were presented at

H

approximately eye level on the screen. One fixation point was situated
‘directly in front of the subject, and is referred to as the central
fixation goiﬁ%. Two eccentric fixation poiqts were also used. They
were situated 30 degrees of visual angle to the left and riéht of the
central point. For a given block of trials either the central or the
eccentric‘fixation points were visible. Target lights, 0.25 degrees in
diameter, were presented at 10 degrees aﬂd'ZO degrees of visual angle in
the horizontal plane, to either side of the central fixation point. The
duration of target illumination was 100 ms. The luminance of the screen
was 2 cd/m2 while the fixation point luminance was 69 cd/m2 and the
target luminance was 91 cd/m2. The targets were therefore of 98
percent contrast (percent contrast = (Imax - Min)/(Imax + Im}ﬁ) x 100).
A start platform, which contained a microswitch, was situated
immeaiately in front of the base of the chin rest. All reaches were
initiated from this platform, although the actual position of the hand
and fingers was allowed to vary slightly across trials.

All reaches were videotaped using two rotary shutter cameras

(Sony RSC 1020) which provided clear images at 60 frames per second.




One camera viewed the subject from the r;ght side at a distancg of

140 cm, while éhe secénd camera, situated 110 cm abové the haﬁd
position, provided a top Yiew of the subject through a 45 degree angled
mirror. The two camera signals &ere sypchronized and fed to a split
screén of a single video frame. Onset of the target was marked on the
Qideotape by the illumination of a light, located outside of the
subjéct's line ofvsight. A video counter timer (TEL Video Products)
recorded the elapsed time of the test session on each video fr;me with a

»

resolution of 10 ms.

‘

Procedure
Test sessions consisted of eight blgcks of 16 trials. Each gand
was tested separately in alternating glocks.- Within each block, two
targets (10 ;nd 20 degrees left of the central point or 10 and 20
degrees right of the central point) were presented eight times each, in
a random order. The subjeét was asked to look and point using his index
finger, quickly and accurately immediately following illumination of the
target. All trials began with the .subject fixating a specified fixation
point. At a variable interval following a "ready" command, the
e§perimenter illuminated one of the targets. Practice trials were given

at the start of each blockf to familiarize the subject with the test

éonditions. Thus the subjegt knew which pair of targets were to be
presented in each blockof trlials before the test trials began. "In the
first four blocks of trials the central fixation point was used. For

the remaining four blocks the poinht of initial fixation alternated A

between the two eccentric positions.: In these eccentric fixation

trials, the targets which were presented were always to the same side of
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center as the fixation point. Thus for alternate blocks of trials,

different pairs of targéts were presented. The order of the hand and
target pair used was counterbalanced between the four subjects. The
test sessions lasted for approximately 45 minutes, and the subject was

given rest periods between blocks if fatigued.

Apparatus for Data Analysis

The videotape records were analyzed with the use of a Sony Video-

Motion Analyzer, which allowed stable single frame ddvancement of the

video image. Each frame was projected onto the surface of a digitizing
tablet interfaced with an Apple II Plus microcomputer. Initiation of

the reach was defined as the first visible movement of the index .finger

evident in the top view of the subject. The elapsed time from target

- onset to first finger movement, taken from the video counter timer,

servéd as a measure of response latency. “The posiﬁion of the index
finger fo; each frame wgs‘then calculated byﬂthe compﬁter as X, Y and 2
coordinates, by touching the finger position with the tablet pen, for
both views of the subject. This process was continued untii the subject
first contacted the gcreen at which point the movement was considered to
be complete. The forward and lateral movement of the reach was taken
from the‘top view of the subjeét, while the vertical movement was taken
from t@e side viewl This three—dimensiona} information was stored by
the computer ;s data files, to be analyzed at a later time. Analysis of
the data files produced a number of measéres derived from the vector.
distance between the positions of thg fingertip on successive frames.
These measuyres included the total Qisténce of the reach; the mean

. velocity of the reach; the velocity at each frame; the maximum velocity;
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and the time at which maximum velocity was attained. The difference

between the'finql finger position and the actual target position,
provided measures of error in the lateral and vertical dimensions as

well ‘as the total vector sum of these component errors.

i Results

Al

In‘general, the characteristics of the subjects' performance were
similar to those in the previous study. Reaches were initiated within
500 m$é following stimulus onset, and consisted of an accelerafion to
ma*imum velocity followed by a decelerai’én until the screen was
contacted. Tﬁe initial acceleration phase constituted approximately the

¢

first third of the movement duration. The longer deceleration phase
often included a pefi;d of relatively low.velocity just before the
finger touched the screen. &fajectories of finger movement were aéain
noted to vary slightly from a straight line path, with modifications in
the directian of movement often present during the periods of low
velocity. As with the previous study, corrected overshoots of the final
position of the finger were commonly observed although corrected
undershoots of the final position ﬁfre rare. The performange of the
subjects was generally Quite'rhpid aﬁd acéﬁrate. On the average,
movements were }nitiateé 338 ms following target illumination, took
595 ms tobcomplete, and had a vector error of 1.9 degrees. Thus,'
despite the differenées in abparatus and procédure,:the geperal level of
“performance igléhe present étudy was guite éomparable éo that of the’
brief target trialg of the—pfevious study. o

The analyéié of the sybjeé;s':berférmance was conducted on the

vy

basis of 8 measures which wefe extracted from the videotape'fecords of

1 ¢ -

1
»
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each reaching movement. The measures that describe the temporal and

. 7
spatial~temporal characteristics of the movement were: 1) the latency
to initiate the first visible finger movement following target

-

illumination; 2) the maximum velocity attained during the movement;

-
-

3) the latency to attain maximum velocity, or the duration of the
acpéleration phase of the movement; 4) the mean velocity of the

-y

movement; and 5) the duration of the movément. The accuracy of the
\ .
final finger position was recorded as an error scbre, in’gegrees of
visuval angle, between the positions of the target and the index finger. 1
Error in the lateral dimensién, the vertical dimension, and the vector
sum of these two error; were calculated for each reach.

Two separate series of analyses of v;riance were conducted on the
body of data. The types of analyses corresponded to the twd possible
frames of reference within which the target position v&ried. For one
series of analyses all ;arget positions were coded according to the
position in the visual field in which they appeared (Visuval Field
analysis). For the second series of analyses the tafget positions were
coded in terms of their position in extrapersonal space, relative to the
body axis (Body Space analysis). All analyses were baianced such that
all interactions between factors were possible. The various
experimental coqditions provided a total of four factors, each of which
had two levels. Thegé }actors were: 1) the hand used for
reaching--left or right ha;ds; 2) the position of the fixation point
relative to the subjects' body axis--central or eccentric; 3) the target

eccentricity--10 or 20 degrees of visual angle; 4) the laterality of the

targets relative to the hand used for pointing--ipsilateral or

/

latter two factors for any given trial

contralateral. The level of the




1

was a function of the position of the-fixation point and the spatial
frame of reference which was considered. F;r those blocks o§ trials in’
which the subjects fixated centrally, the eccentricity and likerality of
the targets in the visual fjield and in the extrapgrsonal space corres-
ponded. When the subjects fixated eccentrically a target presented to
the contralateral side of the body space was in the‘i;silate;gl visual
field and a target presented 10 degrees from the bodysaxis was 20
degrees from the point of visual fization. Therefore when the subjects
fixated eccentrically, the pqsftion of the target differed with respect
to the two spatial frames of reference. By coﬁparing-the results of the
two types of énalyse; it was possible to getermine if the cHarécter-
istics of performance noted in the previoug study depended upon the
position of the targets relative to one frame of reference only. It was
also possible to ex;mine how disruption of the correspondence be- tween
bedy hemispace and vfgual hemifield affected these characteristics.

Most of the Spétial—temporal measures, *which refiect the kinematics
-of the movement, were unaffected by variations in the point of fix;tidh.
Therefore, the results of these measures were identiéal to the previous
sFudy, in which onl& a central fixation condition was émployed.
Significant main effects of target laterality and ecéentricity were
evident from’the Body Space analyses of the maximum velocity, ‘mean
velocity and duration of movement. The effects of target laterality are
summarized in Table I while the effects of target eccentricity are
summarized in Table II. Reaches directed into the ipsilateral body "
hemispace attained a higher maxjmum velocity, had a higher mean-veiociay

and were éompleted in a shorter period of time Wwhen compared to reaches

directed into the contralateral body hemispace. Reaches to 20 degree
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eccentric targets attained a higher maximum velocity, had a higher mean
velocity and required a longer duéation to complete the movement than
reaches to 10 deéree target positions.

The latency to attain'?::iggmézglocity was noé aff?éted
significantly by the experim al é;nditions for either ;nalysis
(Appendices Ile, Ilg). ' )

As in the previous study, the main effects of target eccentricity
relative to the b;dy axis were found to depend uperi whether the reach
was directed to the body space ipsilateral or contralateral to the hand
being used. These results were unaffected by variation of the QOi?Z of‘
visual fixation and were presénted as significant Laterality by
Eccentricity interactions for the Body Space analyses of maximum
velocity (F(1,3) = 74.45, p < .0l1), mean velocity (F(1,3) = 31.03,

p < .05) and duration (2(1,3) = 21.06, p < .05). Increased maximum

velocity (Figure 1) and mean velocity (Figure 2) with increasing target

¢

eccentricity, were noted only for ipsilateral reaches, and as a \\
consequence the duration of ipsilateral reaches to either 10 or 20
degree eccent;ic targets was roughly equivalent, while the duration of
contralateral reaches increased dramaf%cally with increased target
eccentricity (Figure 3). These findings replicated those of the
previous study, and indicated that the kinematic measures of the reach
were not affected by the position in the visual field at which the
target was presented.

The latency toc initiate movement was quite different from the
kinematic measures in that it was significantly affected by variation in

the point of visual fixation. The average latency to initiate movement

of the limb for eccentric fixation YPials exceeded that of central
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Figu}e 1. Effect of eccentricity of-the tarqget
relgtive to the body axis (10 and ZQfdegrees of visual
angle) on the maximum velocitz of limb movements .
directed to the ipsilateral body space ( ¢ ) and to the
contraLater;l body space ( A ). The maximum velocity
of reaches across the body axis was lower than that of
reaches pergormed within the ipsilateral body
hemlipace. An increéée in the maximum velocity of
reaches to more ecceﬁtric targets occurred only for
those reaches éérformed within the ipsilateral body

hemispace.
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Figure 2. Effect of eccentricity of the target‘
fklative to the body axis (10 and 20 degrees of visual
angle) on the mean velocity of 1§mﬁ movement to the ,
ipsilateral body space (') dnd’;o the contralateral
body space ( A ). ‘The mean velocity of reaches
éerfofmed within the,ipsilate;al body hemispace. An
ins;ease'in the mean velocity of reaches to more

eccentric targets.occurred only for those reaches

performed within the,ipsiléteral body hemispace.

‘.
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Figure 3. Effectjpf the eccentricity of the
targgt relative to t?g‘bqéy”a;is (10 and 20 degrees of
Vis;al Engle) ;n!tﬁe duratién of the‘limb movement to
the ipsilateral body space ( { ) and the contralateral
body space (A ). The duration of‘reaches which
crossed the body axis was higher than the duration of
reaches performed within the ipsilateral body
.hemispace. The duration of ipsilateral reaches was
roughly equivalent for targets 10 and 20 degrees from

the body axis, but reaches which crossed the body axis

demonstrated an increase in duration of reaches to more
'

eccentric targets.




o

5501t

o o
Q N 3
~N w ©

(SW) NDILHYNG




fixation triais by lekms, a difference which approached statistical
significance (F(1,3) = 7.84, p < .07). <Changes in the point of fixation
also altered the effect of targetrlaterality such that an advantage in
response latency, for ipsilaterally presented targets, was only evident
when the subjects fixated centrally. As in the previous study, for
central fixation trials the two spatial frames of reference_of Visual
Field and Body Space coincided. Figure 4 illustrates the stimulus
laterality by fixation point interaction for the analysis of target
posi%ion relative to the body axis (F(1,3) = 17.77, p < .05). Pairwise
comparisons revealed that the latency to initiate movement was
significantly lower wheg the sugjékts re;ched toward ipsilaterally
presented targets while they fixated centrally (Tukey's HSD statistic,

p < .05). The latency to initiate movement did not differ significantly
between any other conditions. This result indicated that eccentric
fixation eliminated any advantage in movement latency for reaches
directed to the ipsilateral side of the body axis.

Significant main effects of the laterality of the target relative
to the body axis for the accuracy of final position confirmed the
findings of the previous study. The lateral error of reaches to
ipsilateral targets was significantly sSmaller than that of reaches to
contralateral targets (Figure 5; 5(1,3) = 12.45, p < .05). Although
there was a similar trend for vector errors, this difference failed to
attain statistical significance (F(1,3) = 2.27, p > .20). However, as
with the measure of movement latency, the error of final position was
affected by the point of visual fixation, with a target laterality

effect present only for central fixation trials. This finding was

evident from a significant interaction of target laterality by point of




Figure 4. Effect of the laterality of the target
relative to the body axis (I-ipsilateral;
C—contralateral) on the latency to initiate limb
movements under conditions of central fixation ( [J)
.and eccentric fixation ( X ). with visual fixation on
the central point responses to targets presented to the
body hemigpace and visual field ipsilateral to the hand
being used were initiated at a lower latency than
responses to contralatéral targets. With ;ccentric
visual fixation there was no advantage #n response

latency for targets presented to the body hemispace

ipsilateral to the hand being used.
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Figure 5. Effect of laterality of the target
relative to the body axis (I-ipsilateral;
C-contralateral) on lateral error of the final pésition
of the finger. The mean lateral error of reaches to

targets presented in the ipsilateral body hemispace

were smaller than errors for contralateral targets.
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fixation in the Visual Field analysis of lateral error (Figure 6;
F(1,3) = 12.45, p < .05). It is apparent that an increased lateral -
~yerror for reaches directed across the bodyraxis occurred only when the
subjects fixated centrally. Thus the accuracy of the movements was \\

impaired when the subjects reached across the body axis, to a target
: which‘ﬁ;d been presented in the contralateral visual field, but reacpes
"across the body axis were not inacéurate if the target was presented to
the ipsilateral visual field. In adaition, the errors of reaches to
targets presented in the contralateral visual field were not larger if
the movements were perférmed within the ipsilateral body space. A trend
fér a similaf interaction was present for the vector errors although it
failed to attain statistical significance (F(1,3) = 2.27, p > .20).
Although the two hands did not differ significantly in the latency
to initiate movement (E(l,B) = 2,33, p > .20), there was a notable
differe:;e in their performance on the basis of the accuracy of final
positions: Reaches performed with the right hand.showed significantly
smalier lateral errors (F(1,3) = 16.45, p < .05) and vect&r errors
(F(1,3) = 35.94, p < .01). These results are summarized in Table III.
The vertical errors were not affected significantly by the
experimental conditions for either analysis (Appendices IIf, IIh).

0

In summary, disruption of the correspondence between visual

hemifield and body hemispace had significant effects on the pattern of
results for the latency and. accuracy of reaching but did not affect the
kinematic measures of performance. The significance of the findings in

terms of the programming and execution of visually directed limb

movements is discussed below.




'\_/

Figure 6. Effect of laterality of the target
relative to the visual field (I-ipsilateral;
C-contralateral) on the laﬁeral error of the final
position of the finger, under conditions of central
fixation ([J) and eccentric fixation ( X ). Note that
the target laﬁerality is presented relative to visual

field rather than the body midline in this figure:
With visual fixation of the central position the
lateral error of reaches to tefgets presented té the
contralateral visual field and the contralateral hody
hemispace were larger than the error of reaches to
ipsilateral targets. With eccentric visual fixation

trials lateral errcr did not differ from the central

fixation, ipsilateral target presentations. ’'s
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« ' , Discussion

The results of the present study make it clear that both the visual
and‘spatial frames of reference are'iﬁportant determinants of the

characteristics of the visually guided movements which were studied.
4 .

Neither frame of refexénce, by itself, can account for.all aspects of

the subjects’ perforﬁénce. For most human daily qgtivity the visual

field and extrépersonal space relative to thé body axis coincide. When
they were separated, by requiring the subjects to fixate an eccentric
position, it.became apparent that both the time required to program and

'initiate the arm movement, and the accuracy of its final position,

x

depended upon these .two frames of reference, while ‘the kinematic
—

measures of the limﬁlmovement only depended upon the position of the

target relative to the body axis and were independent of its position

s

E

relative to the visual field.
The direct relationship between the hemispatial position of the
target. and the kinematic mMeasures of the movément suggests that the

manner in which a movement is Bxecuted is prdgrammed with reference to
. f

the body axis rather ‘than the visual field. @he lack of any direct.
. | .
effect of varying the target position relative toc the visual fieid on

'

thes; measures, indicates that the prog;amming\of the velocity
charé;tegistics'of the movement by eitheﬁ_limbxdid not depend upon which
cerebral hemispher; was initjially stimulated by‘the target onset.
Therefore, differences in the kinematic characte;istics of reaches into
ipéﬁlateral versus contralateral hemispace cannot be attributed to an

interhemispheric transfer of information. With-eccentric fixation no

transfer of information between the hemispheres would have been

.
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necessary for the production of reaches which crossed the body axis,

‘

¢ * «
since sensory and motor information could have been processed entirely

'

within the hemisphere opposite to the hand befgg used. However, these

reaches were performed differently than reaches on the same side of the
4

[

body axis, with central fixation, a condition which also allowed

. .
- intrahemispheri¢ processing by the hemisphere opposite to the limb. As

a result, the kinematic diffqrences_between reaches which crossed the
bédy axis‘a;a those which digd not, could not be attributed direqtly to
an ipsilateral versus contralateral hemispheric control of the limb
movements. The findings suggest igstead, that the velocity of the-limb
movement was programmed\with respect to the position of the target
relative to the body-axﬂg; an? that this hemispatial organization was
independent of the position of the férgét in the visual field and
independent of'which cerebral‘hemisphere, ipsilateral or coﬁtr;lateralﬂ
. »
was initially stimulated by the target onset.( Although body hemigpace
‘determined the velocity characteristics of the movement, the
relationéhip between this hemispatial programming and the neural systems
which subserve it,‘gemains unclear.N These data did not provide any
support for the suggeséidn by Bowers and Heilman (1980) that oge
cerebral hemisphere mediates the perceptual and motor activities in the
coptralateral hemispace. . .

The measures of the latency to initiaée movement and the accuracy
of final positioﬂ differed from the kinematic measures in that the
effects of changes in target.position could not be related to one frame
of reference directly. When the subj;cts fi;ated straight ahead and the

position of the target relative to the visual field and body spa

coincided, the laﬁency to initiate contralateral reaches was

i
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approximately 30 ms higher than that for ipsilateral reaches. This
‘ - -
finding conformed to the results of the previous sﬁudy. Simple reaction
4
time studies which have investigated the effects of the laterality of

target presentation have ¢enerally reported differences of less than
‘ &

10 ms, which corresponds to the hypothesized interhemispheric
tranémission time (IHTT) of the large diameter figfdé of the corpus
callos&m (see for review Bashore, 198l1). Studies that‘have used more
complex paradigms which require the. subject to choose'between two

+

possible responses on the basis of the stimulus ‘characteristics, have

»

reported estimates of IHTT which approach the values found in the

-

present study (Bradshaw and Perryman, 1970; Harvey, 1978; as cited in
Bashore, 1981). To account for these increaéed e;;imates of ;HTT with
choice reaction ﬁime'paradigms, ﬁashore (1981) has suggestedtthat_
"systematically longer IHTTs are produced by the traﬁsmission of
increasingly complex bits of.informatipn over smaller, more slowly
conducting'fibers; (page 366). Since pointing tq the visual stimulus'is
a relatively complex resggzid, such an explanation ﬁa& hold for the,

present findings. Berlucchi et al. (1977) have suggested another

possible explanation of the increased estimates of IHTT obtained by

-~
-

choice reaction time paradigms which again implies a decreased
efficiency of transmission of complex information. They propose that
éhese estimates can be "related both to interhemispheric transfer and to
tﬂe deterioration of information taking place during such a transfer”
(Berlucchi et al., 1977, page 511). An additional explanation is that
the transfer of information is mediated by more slowly conducting,

non-callosal routes. Simple reaction time studies of subjects who

congenitally lack a corpus callosum and therefore must make use of

138
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non-callosal pathways,.have revealed estimates of IHTT which are notabiy
higher than those of normal subjects (see Reynolds and Jeeves, 1974 for
review). The nature of the information required to produce a directed
limb movement may require the use of similar, non-callosal routés.

, Although all of the above possibilities are viable explanations of the
results for those trials in which the subjects fixated centrally,
performance in the eccentric fixation condition did not fit with models
of interhemispheric transmission.

. Y
wWhen an eccentric fixation point was used, and the visual hemifield

did not correspond to ;he body hemispace, there was no longer an
advantage for reaches to the ipsilateral side of the body axis.
Similarly, there was no difference in movement latency between the two
visual hemifields and therefore no latency difference which could have
been attributed to IHTT. Overall, the i;iency to initiaté movements in
the eccentric fixation condition was higher than that for central
fixatioﬂ. These findings can be compared to those of Anzola et al.
(1977) , who investigated the effects of stimulus-response (SR)
compatibility on simple reaction time. They found that reactiogrtimes
were lowest, and estimates of IHTT highest, when thé responding hand was
placed within the ipsilateral hemispace, and that reaction times were
increased and IHTTQ decreased if the’;espondiné hand was placed across
the body axis in the contralateral ﬂemispace. In order to account ifr
these findings Bashore (1981) suggested th;t:; . '
"when both the (visual field) and spatial relations
are compatible and a unimanual response is required,
unilateral cerebral activatio; may be facilitated, ;he“result‘

L

being faster (reaction times) and slower transcommisural

-
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communication. In contrast, when there is anatomical

incompatibility...bilateral cerebral activation may

result to compensate for this difference and to relocate

the hand in visual and kinaesthetic Z;ace; the effect

is to slow (reaction times) but speed IHTT." (page 362).

In the present study, the _starting position’ of the hands was always

«
k)

:}ﬁi@?tly in front of the body axis, but eccentric fixation made the

position of the target in the visual field different from its position
relative to body space and this resulted in an increase in latency, and
an elimination of any significant latency difference between reaches in
either directio;. In light of the differences between tﬁe present
paradigm gnd that of Anzola et al. (1977) it would be premature to
p?opose that the data support Bashore's (198l) suggestion of unilateral
hemispheric activation when the frames of refe;ence are compatible,
versus bilateral hemispheric activation when the frames of reference are
incompatibie. However, it is clear that the pattern of latencies
associated with IﬁfT can be eliminated wﬁen the two frames of reference
are not compatible. The study of Bowers et al. (1981) represents a
paradigm more similar to the present s;q?y in that eccentric fixatidn
rather than changes in hand position was used to alter the compatibility
of the visual hemifield and body hemiépace although they required on%y a
simple reépénse rather than a directed pointing response. The physical
itmitatioﬁs&of pointing to the targets made it imposs?ble torpresent
targets 4n both visual hemifields and within one body hemispace in the

present study. Bowers et al. (1981) also reported that reaction time

was increased with eccentric fixation as compared to the central

’
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fixation, but it is uncleaf how esti es Of IHTT were affected by their
use ;} eccentric fixation points.

Although the present study confirmed the advantage in movement
latency for ip;ilateral reaches over contralateral reaches that was
found in the previous study, there was no advgntage in latency for one
limb versus the other, and therefore no evidence of a hemispheric
advantage in the efficiency of programming. The failure to confirm the
presence of a right hand advantage for mdvement latency ‘may have been
due, in part, to the smaller number of subjects tested and to the
limited number of central fixation trials for each subject. An
additional methodological difference which may have also eliminated a
right hand advantage was the use of only two brief targets for each

. ’
block of trials as‘opposed to four térgets which were presented randomly
at brief and persistent durations.

-

Unlike the previous study, a right hand advantage was evident for
the accuracy of final position. Thus pointing errors were significantly
smaller when the right hand was ﬁsed. Two possibilities, that are not
mutually exclusive, may explain this finding. One i; that the right
hand advantage reflects an increased amount of practice in the use of
the dominant hand for skilled, visuvally guided, behaviours. Another,
related possibility refers more directly t¢ the hemispheric control of
the movement. The left hemisphere clearly dominates the céntrol of
"praxic” movements in man (Kimura, 1982). It may be that tﬁé visually
guided re;;hing movements examined in the present gtudy are closely
related to ;uch praxic limb movements in terms~of their motor control.

If this were true, an advantage in precision of movement would be

expected for the fimb contralateral to the dominant hemisphere”since
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direct motorneuronal connections to the limb from this hemisphere would
be possible.

The results .of movement accuracy were somewhat simil&f to those of
movement latency in that they could not be related directly to one frame
of reference. For the central fixation trials, the accuracy results
conformed to those of the previous study. Thus, when the visual and
spatial frames of reference EOincided, the accuracy of ipsilateral
reaches was significantly better than that of contralateral reaches.

The eccentric fixXation trials revealed that both the visual and spatial
frames of reference contributed to this late{ality effect on pointing
accuracy. Presentation of the targets to the ipsilater&{\iiﬂe of either
frame of reference was sufficient to ensure good accuracy. The errors
increaséd only when the subjects were required to reach to targets
presented to both the contralateral visual hemifield and the

y
contralateral body hemispace. This result illustrates the interactive
influence of these two frames of reference on the production of visually
guided limb movements. As with the latency measure, there were no
simpie, additive laterality effects for each frame of reference. The
position of the target, botﬁ relative to the visual field and relative

to the body space, influenced the accuracy of the movement,
) hd "

The present study examined the importance of the visual field and

extrapersonal body space, as frames of reference within which visually

guided movements of the limbs are executed. Since the performance of a

movement can be characterized by a number of aspects of its performance,

A

an attempt was made to explore the influence of these frames of
reference on a number of measures of visually quided pointing. The

velocity measures which characterized the production of the limb
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moveme;;s depended on target position relative to the body axis, and
were not influenced by the position in the visual field in which the
target first appeared, Further studiés may help‘f% de8ermine if these
hemispatial differences in the velocity of the movement reflect
differences in the central programming of muscle activity, or
differences in the biomecﬁanical constrain?s of the skbletél—muscular
system involved in the production of thes; movements. Regardless of the
underlying neural organization responsible for the programming of the
movement, the data indicate that thé«yelocity of its execution is

~

determined by the hemispatial positioﬁs of the limb and target.

Separation of the visual and spatial frames of reference had a
‘ “ » A :
significant effect on the latency and accuracy of the movements. Unlike
the velocity measures, the latehcy and accuracy measures demonstrated an

interactive influence of both frames of reference on the organization

and execution of the movements. No simple additive model of effects can

-« .

account for these results. Although the performance with central

fixation is suggestive of 5 lateralized hemiSpheric_organizatioﬂ of all
aspects of the movement, it is clear that such an orQanizétion‘is
altered extensively when the visual and spatial frames of réference do.
not coincide. with eccentric fixation there were no differences in
movement latency which could be attributed to an interhemispheric
transfer of information. The results of ,the eccentric fixation tfials
in the present study do not eliminate the possibility that a ﬁémispheric
organization is responsible for the sensory-motor integration of
visually guiaed pointing movements but they inéicate that such an’

X
organization must integrate both the visual and spatial frames of

reference in, the programming of these behaviours.

Y i
-

- . -
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STUDY III

The Relationsliip Beﬁﬁeeh the Latency of Ocular and

Manual Movements to Eccentric Visual Targets

144 .



P 145

Summary

Movements of the eyés and limbs are coordinated in a number of
motor activities but the degree to which the programming of ocular and
manual movements involves common systems has not been explored
extensively. In this study‘tﬁe latency to initiate orienting movements
of the eyes and hands to\lateralized visual targets was examined. Six
right-handed subjects with no known vi;ual problemg were asked to fixate
‘a cegtral target and to look and/or point, gquickly and‘accuiately to
visual targe&s, presented for 100 ms, at eccentricities of 10 and 20
degree§. Eye mqyements were monitored by infrared corneal reflection,
and hand movement onset was taken from ghe release of microswitch. Bgth
signals were recorded on FM tape and latency measures were calculated
from palygraph record;. A statistically significant positive
correlation between movement latency of the eyes and hands, when both
were used to orient to the target, was found over all of the subjects
but this correlation was reduced in those subjects who experienced
trials in which they were aske& lo'look to the targét wiﬁhout pointing
prior to performing looking and pointing trials. Therefore, the
findings of this study provided evidenée for some processing of
sensorimotor information by systems common to both ocular ;nd manual
movements, but suggested that this. organization of information

processing is flexible and may be influenced by factors such as

experience with different task demands.

-



Intrpduction °

The activity of orienting to a stimulus in the external visual

P . world often involves the coordinated movement of the eyes, head and

~
”

limbs. By the use of such different motor systems we are able to reach
toward, and acquire accurately, ‘objects of interest within the
’ [

environment surrounding us. When the eyes, head é?d limbs are directed
u\~éoward a common peripheral targét there is a sequential ordering of
 Povement onset. It has long been recognized that eye movements‘precede
ﬁéad moveﬁentsﬁto a visual target (Woodworth and Schlosberg, 1954,(55
qited in Bizzi, Kalil and Tagliasco, 1971). However, Bizzi et al.
v(l§7l) found that in monkeys, Ehe onset of electromyographic (EMG)
activity of the neck muscle agonists actually preceded that of the eye
- muscle agonists by about 20 ms, even though movement c¢f the eyes
. ' preceded head movement by 20 to 40 ms. On the basis of these findings
they suggested that "peripheral factors such as the longer confﬁgction
time of the neck muscles, as well as the inertial properties of the
head” (Bizéi et al., 1971; page 453) determine the sequential ordering
of the movement latencies of the different motor systems. Similar
sequ?pcing of movement latencies has alsoc been reported for eye and limb

(2 . /’\
movements when human subjects were asked to look and point to visual

targets (Angel, Alston and Garland, 1970; Prablanc, Eschallier,

Komilis and Jeannerod, 1979). Biguer, Jeannerod and Prablanc (1982)

’ required subjects to track a step movement of a visual target by
movements of their eyes, head and arm. Like Bizzi et al. (1971) they
found that although tbe eyes moved before the head and arm, th; onset of

EMG activity in the arm and neck agonists occuyrred very. close in time to
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'
the onset of the eye movement. Furthermore, they found significant

cérrelations, ranging from .34 to .41 between the onset of the eye
movement ahﬁ the onset of EMG activity in the agonist muscles of the
other motor systems.

The question which is raised by such correlations is what do they

- -4
M s e

tell us about the sensorimotor processing involved in orienting to the

target stimulus? One interpretation of a positive cdrrglation in the

t

latency to initiate movement by two motor systems is that if.Feflects

the processing of information by some neural organization gommon to both
L4

systems. When the eyes and limbs are used to orient to a common visual
target it is likely that the sensory input, at least to the level of the

primary visual cortex or superior colliculus, is common to both

e
movements. In contrast, the motor output undoubtedly involves distinct
and separate neural pathways, at least below the level of the brainstem.
The contribution of ‘intermediate neural areas in the organization of the
output of the two motor systems is much less clear. It remains to be

established whether a correlation between the latency to move or the

onset of muscle activity in gwo motor systems reflects mor’eﬁ than the

input of sensory information along channels commoh to both systems.
In Study 1, significant correlations were founds between eye and arm

movement latencies, and additipnal‘findings suggested that there was

' common sensorimotor processing of both movements which involved

hemispherically organized neural systems. Unfortunately, the small

number of trial repetitions (4) on which thes® within-cell correlatioms -
i

were based made'iqterpretation of the correlation data difficult. It

+

was not possible to examine the statistical stgnificance of individual
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cell correlations and the large amount of variability introduced by
having ;o few trials per cell also made valid comparisons of the ‘
strength of the correlations between subjects or between conditions
difficult. Since an eye-movement-only condition‘has not included in
Study 1 it was also impossible to determine if the latency to initiate
movement of each system was altered if only one system was used to
orient to the target, Therefore the present study.tecorded the latenc;
of the eyes and arms to orient to visual targets when only the oc;lar
motor or manual motor systems were employved, and when movement of both

the eyes and arm was required.

Methods

Subjects ‘t

Subjects were 6 right-handed volunteers, ‘3 malgs and 3 females,
ranging in age from 22 to 32 years.’' One of the female subjects had

participated in Study 2. None of the subjects required visual

. e
correction.

Apparatus, for Data Collection -

During testing the subject was seated facing a 31 Em high by 90 cm
long board, which contained a,ho}izontal array of target lights. The
subject sat with his head held in a chin and head rest( and with a
.distance of 50 cm between his eyes and the screen. MThe screen was
centered with respect to tﬁe eye level of the subject and was covered

with a black cloth wﬁich eliminated any view of the unilluminated target

lights. A 1 degree diameter, white fixation point was used. The

-

ffkation point and all taryet lights were presented in the horizontal
r 4
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2

plane at approximately eye level on the screen. Target lights, 0.25

. . .
degrees in diameter, were present€d at 10 degrees and- 20 degrees of

visual-angle, to either side of the fixation pointi The duration of

X | ]
The luminance of the screen-was

target illumination was 100 ms.

2 . . . . . 2 .
2 cd/m while the fixation point luminance was 69 cd/m~ and the
target luminance was -91 cd/mz. The targets -were therefore of 98

\

percent contrast as defined in the previous studies. A start platform,

which contained a microswitfch, was situated immediateély in front of the

-

base of 'the chin rest. All reaches were initiated from this platform,
although the actual position of the hand and fingers was allowed'to vary

slightly across trials. The eye position of the subjects wasionitored

by infrared corneal reflection (Eye-Trac Model 2Q0, Gulf Western Ltd.)
and was recorded on one channel of an FM magnetic tépe recorder (Model

A, A. R, Vetter Co.). The onset of the target light and the release of
; :

the start platform microswitch were recorded gs voltage changes, on

“

additional channels of the same tape record.

Procedure : .

t ﬁgst sessions conéisted of six blocks of 40 trials. gé&h hand was

&

tested separately in alternating blocks. Within each biock, all four

targets were presgnted ten times each, in a random erder. For t%O(Of

-

¥

the blocks the subjects were asked to look and point using their index

-

finger, quickly and accurately to the target position, immediately

following illumination of the target. For another two blocks of trials

l

~

the suQtits wgre asked to point to the target position while .
e '

maintaining fixation on the central point. In the remaining two blocks

the subjects were asked to look to the target positions but to keep
' 8

- ’

/ ’ | ) pd .

¢
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‘their hands in the start position. During each of these three
conditions “the hand used either to respond or just placed on the start

platform, was.alternated between blocks. All trials began with the

}

subjects fixating the central fixation ﬁoint. At a variable interval
- :

. . , v
following a "ready" command, the experimenter illuminated one 6f the
targets. Practice trials were given at the start of each block to

familiarize the subject with the test conditions. During the test
. L
session the eye position of the. subject was monitored by the

experimenter in order to ensure that the subject complied with the task

e

'féquirements._ The order of the.kand which was first used and the order

?f presentation of the test conditions was balanced across” the six

-

subjects.- The test session lasted for approximately 45 minutes, and the

spbjects were given rest periods-between blocks if fatigued. s
. . ’ '3“5
Apparatus for Data Analysig L
Hgn% coby of the FM é;pe,records was*ii? off on ; polygraph (Model
7, GrhssuInsgyumeg£ Co.) at a paper speed of 60 mm/s. This provided a
temporal rgéolution of approximate1y$9 ms. The time between E onset
of the light stimulus and the beginning of movement were r orded for »
both the eyes and hands on allﬂt}ials in which there was govement.
Onset of movement of the hand was aefined as'the volta change . 1!"
_r;:ulfinb from the‘releéée of the §té:t platform microswitch. Onset ;f
- -] .
eye movement_was'definéd ;s the firss,meésu:able changé of the eye
position from fixation (resolution ok .5 mm, equal to..5 degrees) in the
| direction of the target, fo}ioﬁiﬂ& stimuius onse;s "
' - ) r o 5 .

hetNY
o




3% .
' : | R 151

L 3 . Results:

Analysis of Latency of Eye and Hand Movement
The mean latencies of thg\eyes and hands were ‘calculated for each

of the experimental conditions for each subject and an analysis of

variance was conducted on these two sets of scores. The analysis was

* .
balanced such that all interactions between factors were possible. The

factors were: 1) the eccentricity of the target--10 or 20 degrees;

2) *the visual field of target presentation--left or right; 3) whether

the response yas movement of one syetem alone (eyes-only or hand-only)

or movement of the eyes ahd hand together; 4) the hand used for‘pointing
“ ‘(hand-only and both together conditions) or the hand placed in the gtarg
pesitidn (eyes;only condition)--left or right. For the analysis of eye
movement latency no statistically significant gein eﬁfects or
interactions were found and the overall mean latency was 283 ms.
Analysis of theshand morement latency revealed an overall mean of 35% ns
with one main effeéf’and,one 2=way fnteraction which etiained -
statistical significance. For those trials in which the subjects looked-*
and p5inted to the targets the onset of the eye movements (mean
latency = 286 ms) consistently preceded the onset of arm movements (mean
latency = 356 ms). o

K/;ain effect of target eccentricity was found %o be significant
v ‘ i~

for the latency to initiate hand movement (F(1,5) —’15 4 p < /05), w1th
a longer 1atency for 20 degree targets (357 ms) than 10 degree targets
(345 ms). The latepgy to initiate eye movements was also higher for 20<

degree targets (%BZ ms) than 1d degree targets (279 ms) but this

e &. ’ ' .
di&rence was not statistically significant (F(1,5) = 1.74, p < .25).
<. -

i N | -
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An interaction of hand used for pointing by visual field of térget

presentation was found to be significant for the hand movement latency
' .

(F(1,5) =,9.3, P < .05). Figure 1 illustrates this advantage for<;7

ipsilateral (343 ms) over contralateral (360 ms) reaches.

‘

a

Analysis of Correlation of Eye/Hand Latepcies

9

A total of 80 trials were'performed by each subject in which he was
asked to look and point to the étimuli (40 tfigls with left hand and 40 -
’trials with’right hané). ‘For each block of QO'trials there weré 10
repetitions of each target. The latency to initiate movement of the
eyes and hands were correlated for these 10 trials thus yielding a total

of 8 correlations per subject. These correlations are summarized in
» . ‘ .
Table I. /A correlation based on 10 pairs of scores must exceed .63 h{

¢

order to be stastistica ifferent from 0.0 at the .05 probability
level, It is apéarent from Table I that all subjects demonstrated at
least one positive correlation, which exceeded this value and for each

experimental condition at least one sup{gct demonétrated a positive
correlation greater than .63. These correlations were converted to
.z=-scores in order to normalize the data and these were subjected to an

. , ‘
mnalysis of variance with ’ hand used for pointing (left or right);

¥
the visual field of target presentation (left or right); and the target

eccentricity (10 or 20 degrees) as factors. However, no significant

main effects or interactions were found (Appendix IIj).

»

The converted z-scores for all of the subjects were also tested

against the null hypothesis of a zero correlation between eye and hand

-

response latencies, by means of a t-test. The overall mean correlation

for all subjects and all conditions was .36 which was statistically

¢
4
u



Y

L ¥

¢

Figure 1. Effect of la'tera.lity of the stimulus
presentation (I-ipsilateral; C-contralateral) on
latency to initiate limb movement. QO - Left hand!
A - Right hand. Reaches to congralaterally i
\
pregented targets were initiated at a longer latency

for both limbs.
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»

greater than'zero (t = 5.27, 4f = 47, p < .001). 1In a similar manner
the correlations for each subjgct were te;ted against the null
hypothesis of a zero correlation. These data are summarized in

Table II. Three of the six subjects demonstrated signiﬁicant positive
correlations, but there was considerable intersubject varia;iiity in the
strength of the correlation. Although the ‘total n&mber of subjects is
.small there is an indication that a difference in the order of
presentation of the experimental conditions may be related to this
intersubject vafiahilis¥. Subjects 1 and 2, who begaﬁ the experimental
segsion by responding with eye and hand movements, had the largest and
stétistically significant positive cg;réIEEions for response‘}atencies |
(r = .40, .56). Subjects 3 and 4, w&g,had 80 trials of eyes-only and 80
trials of hand-only\responses before responding with both systeﬁé
together, had low and statistically non-significant positive
correlations for eye and hand response latencies (r = .21, .11). Of the.
remaining two subjects, Subject 5 who had 80 eyes-only responses before
responding with both systems, alsb had a non-significant positive
correlation.(r‘= .16). However, Subject 6 who had 80 hand-only

*

rksponses before responding with both systems had a statistically ‘

P
g 7

significant po!itive correlation (r = .38). Thus all 3 subjects who

were presented wiFh the eyes-only conditioa.beforelresponéing with both
systems (Subjects 3, 4, 5) did not show significant correlation of eye
and hand response latencies. The subjects who- responded with both
systems as the first experimental condition (Subjects;l and 2) and ;he
subﬁect who respo;ded with both systeﬁs after‘tbe hand;only conditions
(Subject 6) all demons;;ated séatistically sigPificant, positive

correlations of the lqtency to look and point to the vigual target.

& T {3 ) »
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Discussion

"~
[

The most interesting data obtained from this™investigation were

those derived from the correlation of the latency to ipitiate movement

b

of the two systems. By the inclusion of more trials to make up each

correlation, it was possible to make a more detailed examination of

-

these correlations than in Study 1. Within individual subjects the

stiength of the correlation was found to vary with the hand ¥sed for’
% .

4 . .
. pointing or the position of the target, but none of these effects were

Y

significant for the population of subjects in the present study or in .
PO . d

Study 1. The overall mean correlation of .36 was statistically .

+significant and identical to the mean value of .36 obtained in Study 1.

These values are also within the range of values reported by

Prablanc et al,'(l9795 and close to the value reperted by Biguef et“al.

(1982) for eye mqvemeq&_and biceps EMG (r = .41). Megaw and Armstrong

: - : ) t
(1973) , after fitting their data of gye and arm movement Jlatencies to a

N

linear model, found a higher correlation between the residual error
c

L

Jd
terms of the equations for each system (r = .6725). Thus, despite

variations in the method of présentation of the visual stimuli; the type
of limb movement required, and the methods of recording movement onset,

'

these low but significant correlations seem to be robust and_ "

-

reproducible.

4

Although the correlations between eye and limb movement latencies

are statistically significant they are far from a perfect correlation of
. . ,

i
1.0. Serial processing of information for both motor systems along 'a

N

single sensorimetor channel would be expected to result in a very high,

if ﬁéf'perfect correlation between the latencies to initiate movemenf.

»

¢
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As Megaw and Armstrong (1973) point out "the single-channel model is

denied in so far that certain features of information processing, most
probably on the response side, can occur in parallel." (page'27). In
fact Prablanc et al. (1979) use the lack of a strorg correlation to
argug "in favour of a parallel processing of the eye and hand motor

</
e N
systeﬁg." {page 120). The term "parallel processing" implies the use of

.
completely separate sensorimotor chanels for the two systems although }
both channels operate at the same time. Such a system would allow
factors to affect the processing time of one channel independent of the
other and reduce the correlation between the}r response latencies.
Given our knowledge of the distinct neuioanatomical differences in the
ocular ﬁotor and manuai motorﬁéystgﬂéi the presence of parallel
processing is most likeély, at least for the later stages of motor’
programming. Therefore, it is perhaps surprising that a significant.
correiation exists between the response latencies of the two systems.

Megaw and Armstrong (1973) suggested that "the question of serial
or paraliel procéssing on the~input side is unlikély to arise if both
the visual and motor systems employ the same stimulué analysis" (page
27). However, an amalysis of sensory information by some common process

before referral of this information to the two ﬁptor systems for

parallel output, is by no means an established fact. The assumption

5 4
S

whicH’appea}s g% be very preyalént is that at least up to the level of
primary visual cortex or superior colliculus thg visual infof@ation
necessary for both moveménts will be carried over the same
neuroanatomical.pathwajs, but the strength of this assumption is

questionabie. Even at the level of the retinal ganglion cell there is

evidence of distinct sensory channels. X- and Y-cells can he




distinguished on the basis of ‘their response characteriétics,
distribuﬁﬁon across the retina, axonal conduction velbcities, and the
termination sites for their axonal projections (see Lennie, 1980, for:
review). Since distinct sénsory channels are present there is also the

possibility that parallel sensorimotor channels for distinct motor

»

2

systems exist as well. If the same neural pathways are involved in
sensory processing of ocular and manual qovementé up to soﬁe primary
sensory level, it is still important to establish how much additional *
processing is carried out by systems common to both movements.

e

The sequential ordering .of movement onset is clearly important for
‘the normal production of combined eye and limb movements. The study of
Prablanc et al. (1979) and Study l‘both demonstrated that accuracy of a
pointing movement was incFeased when the subjects were allowed to
refixate the target with their eyes. Thus, it is important that the
eyes attain the target‘position before the hand so that visual
information can be used to adjust the manual motor activity and ensure
an accurate completion of theﬁmovement {(Conti and Beaubaton, 1976;

v

Carleton, 1980). The same argument probably holds for combined- eye and
head movements as well, since the timing of EMG activity.and movement
~onset of the neck is so similar to that of limb movements
(Biguer et al., 1982). The maintgnance of such a sequential v
organization probably requires éﬁat there be sensorimotor ptocessing,
above the primary sensory 1ev;1, which involves structures or ;ystems
common to.tbe ocular and manual and perhaps gephalic motor systems.
Cgmmon processing for the ocular and manual mot;r systems has been

implied from the similar effects of different experimental conditions on

certain aspects of the performance of the two systems. Mather and .

f




‘ .

Putchat (1983) have reported similar effects of preq}ctability of target
movement en continuous tracking by the eyes and arm. Fiék and Mather

(in preparation) found that the effects of changing the sensory modality
of targets from visual to auéitory were similar for digected ocular and

manual movements. Shibasaki, Sadatoshi and Kuroiwa (1979), in a study

[
®

of patients suffering from Parkinson's disease, suggested that this
disease process results in a bradykinesia of the ocular motor system

. - v ~ o«
which is similar to the bradykinesia evidént in other body movements.

Findings such as these support the concept pf a:certain amount of common
sensorimotor proceséﬁng of ocular and manual movements.

In adéition to’the overall significance of &he latency correlations
there was afcerpain amount of variability in the ségength of the
correlations between the individual subjecfsi These differences also
provided s;me insight in%é the possiﬁle organization of £he ocular and
manual responses. Although the total number of subjects was small,'
tﬁe;e was an indication that prior exposure tao different experimental
conditions affeéted the strength of the correlation between eye and arm
movement latency. Those‘subjects who were_asked to de-couple the two
systems, moving only the eyes or only the arm, before moving both
together had lower correlations than those subjects who Segan the
session by looking and. pointing to the stimuli.- It is unlikely that
this finding simply represents an effect of practice in the experimental
siéua£ion since Megaw and‘Armstrong (1973) used well practiced subjects,
and it is pygbable that Prablanc et al. (1979) did so as well, diven the

.
complexity and large number of different conditions which they employea..

Thus, the finding that prior experience may alter the relationship

between the two motor systems points to a very flexible organization of

N
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both, This flexibility as a résu}t of experience, suggests an inflﬁence
‘of rélatively‘high level processing. !
The féilure to find a righﬁﬂfand advantage for the hand and eye
movem:nts in théfb;psent study may have resulted from the use of ‘only
brief‘targets ﬁé oppbsed to the random series of brief and persistent

targets'tbat had been employed in Study 1. Stud§.2, which also employed

brief targets only, also failed to revedﬁfa right hand advantage’ for

%ﬁmb movement latency. In a recent investigation of eye and limb

: ' A
. movements to visual and auditory targets it was found that when the
[k, B

subject were presentéd with blocks of either brief (200 ms) or long
a : - ’
{5 s) targets, the latency of the eye and limb movements were lower for

brief targets’ (Fisk and Mather, in preparation). This implies that the
subjects may have bypassed the activation of neuratl sﬁstems which make
) " yse of target position informatikon th;;;;;;Bt the movement, when they

>

were aware that no such information will be available. A reduction in

. the number of neural systems involved c¢ould conceivably‘héve reduced the

necessary processing tipe, 'and may have eliminated a {emispherig

~

advantage for informab%ﬁ%'processing as well., It is difficult to make
) N . » .

comparisons between §tudy_1 and the present study since the subjects
' \1 i . ‘ qu- - )
B differed between them but the overall mean latencies of the eye and limb

4 v e

movements were indeed lower in ﬁhg present study than in Study 1. Meap

latenclies were 286 ms for eye movement and 356 ms for arm movement - in .
A T A o ]
the present study, while the values for Study 1 were 397 ms and 459 ms

for the eyes and arms respectively. . /

{

The use of brief targets only in the present study may ﬁéve also
¢

reduced the importance of maintainfng a‘:ommon processing of the eye and

"limb movements, The 100 ms duration of the target did not allow the

-




¢ ¢

v .
eyes to fixate it, and the amount of visual information which could be

“ 'provided to guide the limb movement during its production was limited.

The use of information based on fixation of the target in the completion

r .
Pl

of the limb movement, and the activation of the neural systems which \
| 4

subserve this analysis ﬁay be an important factor in the involvement of

lateralized, hemispherié systems for the sensorimotor processing of both
- 1

the eye and arm movements. However, the uéﬁ?of*&nly brief duration

Ve

targets did not eliminate the correlation between the latencies of the
two systems. In future studies it wemld be wise to employ blocks of
brief and long target durations._and to allow for an examination of the.

effects of practice and prior experience on the relationship beEgeen the
: o

production of eye and limb movements. Clearly theré’is a common

organizag}on of the two systemé which is flexible and dependent upon ”‘)

\

!

sensory information, experimental demands, and previous experience, and
' yet this common organization is important €or the normal execution of ‘ ‘
. L) - . “®
viseﬁlly guided behaviours. Further study of this interaction will be //K’

required if we are to undetstand better its underlying neural control. .
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. All of the Subjecis' Memonstrated slight but consistent and

General Discussion

A

The present sefies of studies was designed'tékéfamine behaviocur

.wWhich approximated reaching toward an object in the enviranment under
‘ 5 ‘ .
visual control. An attempt was made to use a comprehensive déscription'

of the sgpatial and temporal characteristics of such movement through the

collection of a number of interrelated meastres of performance. These

‘
measures were examined under a variety of conditions including different
» .

amounts of visual irformation and variations in the position of the

target in extrapersongi space and/or in the visual field. Movements of

1

‘the eyes allow the subject to change the position of the target in the

"viwsual field and increase the available visual imformation. Since most
L3
viéhally guided behaviours involve the coordinated activity of the
‘ . .

ocular motor syst®m as well as other motor systems the relationship

between ocular and manual performance was also ‘explored in the present

studies. Subjects were not'praéticed so that the variability within and
between subjects would be ‘similar to that faund, i n, natmral situvations.
ukf

Fer .a 51mllar reason, the instructions to the s Jjects yeré deliberately

open-ended. It was hoped that by allowing the subjects to choose the

manner in which they apﬁroachedrthe taék, résponses which approximéted

normal, everyday reachHing would be perférﬁed. A result of tﬁis aﬁproach

. ’

was the~eonsiderable variability in performance both within and between

subjects, but aespite this variabiiity a numbef of consistent aspects of

-

: . ' ViR
performance were evident.

.

mpaaﬁraﬁle deviations from a‘straight line éafh in their trajectd?ies.

The. high eSficiency most likely fefleqts the well-practiced .
. ! ° :
" * . ' 1 . :1. s ' M 2
y - . , ,

w
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\

nature of this type of behaviour in normal everyday activity. Some of
the deviation from straight, line trajectories was evident as changes in
direction of movement which occurred during the periods of low velocity
movement at the end of the reaches. The ev;dence suggests that during
these periods, visual information was used to update and modify the
motor program responsilele for the production of the limb movehent. This

use of visual information was evident from the increased accuracy and

\ .

prolonged deceleration phase of reaches to persistent versus brief Q§§
targets.
The imgprtance of accurate foveation of the visual target in the -

guid# of the limb movement was also evident since accuracy-of
pointing was 'greatest for persistent targets which could be fixated.
Processing of information in the central visual field was alse evident

with manual movements directed to brief targets. Two findings suggest

»
that the point of fixation was used as a target for the hand movement in

the absence of other information about the target position. First,

vertical errorg were reduced when. the subjects were allowed to move

L3 * Lt

their eyes regardless of the target duration, and second, the eye and

+

hand position errors for brief target trials were positively correlated.

-
'

It is apparent that a variety of visual information can be used to guide‘
the production of a directed limb movement and that the subjects édapted

2 . ? .. N .
their behaviour to maximize the use of whatever information was

L
available. . )
| v '
* ’'The present series of studies also revealed consistent

. , [ 3
. . : \
- Y
characteristics of the motor control which were reflected in measures . ./

a'/‘“,

other than the accuracy of movement. The most congistent finding was
- - i

the dependence of the movemerit belocity on the relationship between the

. . ‘ s .
e ————— &
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position of the target in body hemispace and the limb used for reaching.
Reaches into contralateral hemispace were slower, less accurate and did
not demonstrate scaling of movement amplitude by changes in maximum
velocity. Whether these results reflect central programming differences
or peripheral factors such as the mechanical constraints of the skeletal
muscular system could not be evaluated easily in the present paradigm.

Although the measures of manual latency and accuracy were also affected

by thé'ﬁemispatial position of the target these effects were not sigple.

Both measures were also affected by the position of the target in the
- " #

(]

visual field. These results were revealed in Study 2 which removed the 4

’ .
cenfounding of these two spatial frames of reference. The complexities
{

|

A
of the relationships of the different measures of performance to these

spatial frames of reference indicate the complex integration of visual B

‘ »~

- & B
spatial information which must take place in order to localize an object

<4
in space by means of a directed movement. In the present studies the

orienting response was simplified by restriction of the head movements. ’

Clearly: coordination of head movements with other moﬁorxbehaviour can
be involved in orientation to a visual stimulus (Bizzi, et al., 1971)

%

and this may require the integration of head-relative, as well as .
L] .

"

body-relative and viswal field-relative, spatial coordinates.

A suggestion of a lateralized organization of the neural systems

N

responsible for the programming of visually guided limb movements arises

~

from a number of findings. Ad*long as central fixation was used, so

that thé visual hemifield and hemispatial field corresponded, there was

0
L]

. k-4
an advantage in hand movement latency for ipsilateral as opposed to
A\
contralateral- reaches.. This finding was present in each of the three

s@pdies, and is consistent with other reaction time studiés which have

A




attributed these differences to the transfer of information between the
hemispheres (see for review Bashore, 198l). Manuval accuracy was also’
greater for ipsilateral versus contralateral reaches. The present

findings may also represent an advantage for intrah%mispheric processing

€

of visual motor information, but since few other studies have examined

localization of a visval target, it is difficult to draw comparisons. A
v

hemispheric organization was also suggested by the right hand advantage

for manval latency in Study 1 and for manual accuracy in Study 2.

The measures of ocular motor performance also provided an

3

unexpected”source of support for the suggestion of a hemisphefic

organizatibn for sensorimotor integration. The same advantages in

El

manual latency for ipsilateral reaches and for reaches by the right hand
in Study 1 were found for the ocular latency as well. These findings,
as well as the significant correlation of ocular and manual latency,
suggest that there is a common sensorimotor integration of information
for both ocular aﬁd manual motor systems by a hemispherically ogQanized

systet, The failure to find a laterality effect for ocular latency or a

»

] :
right hapd advantage for either ocular or manual latency in Study 3 may

have been due to the differences in th& procedure from Study 1, in

particular the use of brief targets only. However, the correlation

i

between the latencies to initiate movement of the two systems was

confirmed. 1In addition, Study 3 indicated that prior exposure to
. .

’

different experimental conditions could affect the strength of these ,
correlations. This supports the concept that the relationship between

ocular and manual performance is the result of common processing by

higher level 'systems.

1 ,‘4'
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The present series of studies provides behavioural %Videncelfor a
flexible system of motor programming of ocular and manual movements,
which involves cortical structures. The question which must be
addressed is how such a system is achieved. Humphrey (1369) has
provided an elegant and detailgd description of the interconnectioné of
the éortical association areas which have been implicated in the control
of visually guided limb.movements. The following discussion will
attempt to integrate the findings of the present studies with this body
of information, which has been gathered fgom studies of nonhuman
primates. It is evident that the association areas of the gerebral
cortex provide an interconnected network which is :ell suited to the
integration‘of visual spatial information and the programming of a

~

coordinated output of the ocular and manual motor systems. These areas

A

include the parietal areas 5 and 7, and the anterior areas 8 and 6 and
the supgplimentary motor cortex (SMA). As Humphrey (1979) points out,
these areas all reteive afferents from cortical and/or subcortical areas
which are related to yiSUal processing and all send efferent projections
to other cortical ::sociation areas as well as to subcortical structures
implicated in motor output. Thus, the potential exists for a number of
parallel but iﬁteractive systems of motor output frpm cértical
association areas.

The question .of how such systeés account iii/fﬁ% findings of the
present studies cannot be answered easily, but some speculati;n is
possible.* The present studies illustrated both parallel and common
processging of'viéh;l information by the ocular and manual motor systems.

The most probable source of this flexible interaction lies within the

parietal association cortex. It is weld known that ablation of this
had

A




area results in disruption of visual spatial behaviours in man and other

nonhuman species. In primates,.areas 5 and 7 of the parietal cortex are

%

i8eally suited, in terms of their efferent and afferent connections to

w

subserve the analysis of visual spatial information‘'for the ocular and
manual motor systems, Both areas 5 and 7 receive substantial

subcortical afferents from the lateral posterior-pulvinar complex of the
.y ’
thalamuskwhich receives input from somatosensory and visual pathways.
) \ . ~ ) /
The remaining input and output connections of these areas reflect their-

relative specialization. A major source of input to area 5 arises ggom
' 4
v “ '
somatosensory cortical areas 1 and 2, whiMe its efferent projections are
to subcortical areas including the pens and putamen and to area 6, SMA

and area 4 of the cortex. Thus area 5 seems ideally situated to exert

-

direct and indirect influences on cortical and subcortical structures
involved in the motor control of limb movements. In contrast, area 7
seems more suited to a role in ocular motor programming. The
subcortical and transcortical input to area lvis much more diverse and

its output to the precentral arm area of motor’cortex is not direct.

However, the direct efferent projections to the pretectum and superior

n k]
colliculus suggest that area 7 has a role in the programming of eye

i

movements.
i

Ocular and manual latencies ﬁere found to-be positively ®orrelated
\ ‘
in both studies 1 and 3. This result would be’expected if the .

progfammlng of both movements involved the integration of information

'

within the parietal cortex. ' In.Study ? the correlation in movement

‘latency appeared to be altered by-prio} exposure to conditions thyff‘
! \

. . f
required movement of either the eyes ?r hand‘glone.~'Under such

Hl
-

) 3 <
conditions the two systems may operat¥ in parallel with' less involvement
! ' .

\

| B



of cortical areas and more direct output to the supégior colliculus from
area 7, and to the precentral motor cortex (area 4) from area 5.
Another result of a de-coupling of the two systems would be a reduction
in the total amount of processing time which could acéount for the
overall lower movement latencies noted in Study 3;as compared to
Study 1. One would also expect a greater degree of interaction between
o?ular and manyal motor programming if movements of the eyes could
provide relevant information for the guidance of the limb movement. In
Stﬁdy 1 such iﬁform;tion was occasionally available since the persistent
target presentations provided feedback of the relative positions of the
hand and the target. In this study both the manual and ocular latency
meas&!es dembnstrated comparable advantages for responses by the right
hand or responses to ipsilateral targets, a finding which 1s consistent
with the processing of information by a common, hemispherically
organized system for both the eyes and limb.

The most striking and consistent findings of the prgsent study were
the differenceg in kinematic characteristics of limb movements to
targets in«*?e ipsilateral body hemispace as opposed to targets across

\
the body axis, in the contralateral hemispace. These differences in the

execution of ;he movement were independent of the position of thé target
in the visual field when thg visual and body—relative‘space were
disembedded in Stﬁdy 2. sSome recent electrophysiological findiﬁgs of
Georgopoulos, Kalaska, Caminiti, and Massgy (1982) may be 'related to this
behavioural difference. They examined the discharge characteristics of
siﬁgle units of the motor cortex of four rhesus monkeys in relazton to

movement of a hand-held manipﬁlandum, over a plane surface, to visual

targets. Most cells fired at a higher rate for movement in one of the



N »
eight possible directions of movement. This resulted in bell-shaped

tuning curves of directional specificity with movement in a "preferred"
direction accompanied‘?g the greatest level of activity. Of these
direcFionally specific cells, the greatest proportion had preferred
directioms of movement to the ipsilateral side of the body axis, with
the most highly preferred direction representing extension of the arm
forward and lateral from the body axis.. This type of movement
approximates the ipsilateral reaches of subjects in the present Study.
Thus, the laterality differences in limb movement execution which were‘
found in studies 1 and 2 may represent differences in motor programming
at the level of the primary motor cortex.

The results of the present series of studies may raise more

questions than they answer, but this should be expected. Visually

guided behaviour is very complex in terms of the number of muscle groups *

e
involved, the type of information processed, the characteristics of its

P 4

performance, and the neural systems involved. Because of these facts it

is a topic which cannot be investigated in a simple manner. Yet it is
& L]
an important topic to investigate ‘since visually guided limb movements

are such a basic cdmponent’ everyday human activity, and since the //
ability té‘produce such movements accurately has undbubtabl? played a
large role in @uman development., By attempting to use a more w
comprehensive approach to describigg and characterizing the perférmancé
of a movement which begins to approxiﬁate normal behaviour,, we are able
to gain insight into how such behaviours may be organized within the

R ~ N
nervous system. More specific guestions, iais?d by an initial general
approach, may then be formulated and investigated more fully. Although

. , »
tpis work represents only a beginning, it is an essential step in the

171
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development of an understanding of how we are able to guide the movement

of our ?odies through space. °

"
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‘Appendix~Ia

Table of the means and standard deviations of
the values presented in the figures of Study 1. Values

for all figures except Figure 7 are included.
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Appendix Ib |

Table of the means aﬁg~st;ndard déviatiQQs of the
valués presented in the figures of Study 2. Note that
the laterality of thé target position is coded .relative
to th%.body ;idling for'figuresnl to 5 and is coded
vrélative to the point of visual fi£atio; {orifiqure 6.
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Appendix Ic

Table of the means and standard deviations of the

values presented in the figure of Study 3.
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Appendix Ic

’ Figure - Standard
/ # Measure Condition Mean Deviation

1 Latency Left harfl-Ipsilateral Targets 342.3 34.9

< (ms)
Left hand-Contralateral Targets 359.9 37.1
L 4
4
Right hand-Ipsilateral Targets 343.9 36.6
Right hand-Contralateral Targets 359.5 36.8

193



Appendix Ila

Table of F ratios and Pro£ability levels for analysis
of varian;e (SPSS, Bélanova program) of Maximum Velocityﬁ
Latency to Attain Maximum Velacity, Mean Velocity and
Duration in Study 1. Probability }evels are based on
1,7 degrees of freedom., Probability levels lesg than .05
are indicated by "“*". The fac£0r§ are target
eccentricity (X); visual field/body hemispace (F); eye

{ : . . .
movements versus maintained fixation (E); target

duration (D); and hand used to respond (H).
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Appendix IIb

Table of F ratios and Probability levels for analyses
of variance (SPSS, Balanova program) of Latency, Lateral
Error, Vertical Error and Vector Error in Study 1.
Probability levels are Pased on 1,7 de;rees of freedém.
Probability levels less than .05 are indicated by "*".

The féctors are target eécentricity (X); visual field/bpdy

.
hemispace (F); eye movements versus maintained fixation (E);

target duration (D); and hand used to respond' (H).
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Appendix IIc - T

Table of F ratios and Probability levels for analyses

i

of variance (SPS$S, Balanova program) of the z-score .

- transformations of the correlations of ocular and manual

‘performance for the eye-movement trials in Study 1. These
correlations were of response Latency and Lateral Error.

B

Probability levels are based on 1,6 degrees of freedom.
Probability levels less than .05 are indicated by "*".
The factors are target duration (D); hand used for

response (H); target eccentricity (E); and visual.fieid/body

hemispace (F). '’




Appendix Iic~

Latency ' Error
 probability » Probability
Source - - ‘ratio . level F ratio + level
©.104 .fsqzo'“h , 5.18 .06322
: 001 - h97191 L L.25 | ©.30654
oLk ‘?oza | .79252 1.33 ~ 29193
..948 | .36783 . .120 .74096...
‘by H .656 .44900 - > .459 .52354, ~ |
by X. < .806 -40394 | .076 .79218
by F .486 v .51161 ~?§ 2.28 .18241
by X 157 . (70606, 292 .60829
by F 2.46 - .167% .086 .77882
by F .254 " 63245 162 .25073:
by H by X ".026 - . .87568 _-  .050 .82972
by H by F 6.09 .04855% .- " 2.47 .16729
by X by F 5.03" ~.06608 .038 - .85119
by X by F 5.39 ©.05931, " 1.44 .27581
.by Hby X by F .000 .98486 .308 .59903

U X U OU.D X T =T U U O m X T O
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Appendix IId

’

Table of F ratios and P;obabiiity levels for analyses
* ‘of variance ;séés, Balanova program) of the L;Eency and
Laterai-Efror of the eye-movement trials in Study 1.
Probability levels léss than .05 are indicated by "*";
The factors are target duration (D); hand used for response

(H) ; éarget eccentricity (X); visual field/body hemispace;

and ocular versus manual response modality qu .
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N

DX UOXOITOMUOUIUOODOXIUODODOXITITIITNOUODOUODX™MXTUO

Latency Lateral Error
Probability. Probability

Source F ratio level F ratio _level

1.47 .27109 91.5 .00007*

9.74 © .02055%* 11.0 .01604*

3.80 .09903 39.9 .00073*

. ..638 .45485 .396  ™55257

3.04 .13194 12.4 .01250*

by H ‘ 1.93 21378 1.54 .26123

by X 10.2 . .01858* 8.91 .02446*
by F .117 - .74374 1.40 .28176
by M- 2.29 .18124 .002 .96192
by X .208 .66441 . A 2,87 .14094
by F . 10.8 .01657* =+ .420 .54075
by M .105 . .75643 3.17 .12508
by F 2.70 .15130 .004 .95148
by X by x 3.29 . .11968 .868 .38726
by H by F 5.64 .05511 .368 .51962
by H by M .484 .51270 3.98 .09322
by X by F 2.09 .19870 .319 .59252
by X by F .431 .53588 .063 ' .81003
by M : .003 .96028 1 "1.54 .26138
by X by M # 3.78 .09978 1.62 .25055
by Hby X by F 7.08 .03749* .545 .48823

by X by M .401 .54975 7.74 .03193*
by'H by X by M 1.46 27226 4.45 .07939
by M 1.94 .21329 .322 .59099
by F by M , 1.14 ".32672 .404 .54870
by F by M x .001 .97354 .526 .49552

by H'by F by M .225 .65215 1.95 21177,
by F by M 2.67 .15337 .559 .48271
by X by F by M .937 .37043 2.45 .16890
by X by F by M _ .575 .47696 .142 .71920
by Hby X by F by M 0.00 1.0000 . .168 .69584
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Appendix IIe

Table_gf/gfratiQ) and Probability levels for analysis
of variance (spss, Balghova program) of the Maximum
Velocity, Latency to Attain Maximum Velocity, Meaﬁ

Velocity and Duration iq the Body Space analyses of _

Study 2. Target posifion was coded relative to the
- midline of the body axis for thes; analyses. Probability
 levels are Eife; on 1,4 degrees ofufreeAOm. Probability
levels less than .05 are indicated by "*". The factofs.
are hand used for resbonsg (H) ; body hemispace (BS);

central versus peripheral visual fixation (Fix); and

target eccentricity (X)..
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Appendix IIf

Table of F ratios and Probability levels for analyses
of variance (SPSS, Balanova program) of Latency, Lateral
Exror, Vertical Error, and Vector Error in the Body Space
analyses of Study 2. Target position was coded relative
to the midline of the body axis for these ;nalyses.
Probability levels are based on 1,4 degrees of freedom.
Probability levels lesé‘than .05 are indicated by "*".

The factors are hand used for response (H); body hemispace

4BS); central versus peripheral visual fixation (Fix); and

target eccentricity (X).
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. Appendix IIg

Table of F ratios and Probability levels for analyses
of variance (SPSS, Balanova program) of the Maximum
Velocif%, Latency to Attain Maximum Velocity, Mean
Velqcity and Duration in the Visual Field analyses of
‘Study 2. Target position was coded relative to the pqint
of visual fixation. Probability levels are based on 1,4
degrees of freedom. Progability levels less than .05 are
indicated by "*". The factors are hand used for
response (H); visual field (VF); centrél versus peripheral

visual fixation (Fix); and target eccentricity (X).
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Appendix IIh

Table of F ratios and Probability levels for analysis
of variance '(SPSS, Balanova program) of the Latency,
Lateral Error, Vertig;l Error and Vector Error in the
Visual Field analyses of Study 2. Target position was
coded relative to the point of visual fikat;on. -
Probability- levels are based on 1,4 degrees of freedom.
P;obability levels less than .05 are indicated by "*".

The factors are hand used for response (H); visual field

(VF); central versus peripheral visual fixation (Fix);

and target eccentricity (X).
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Appendix ITi L
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Table of F ratios and Probability levels for analyses
of Qariance (SPSS, Balanova program) of the Latency of ii
movement by the eyes and hands in Study 3. Probability
levels are based on 1,5 degrees of freegom. Probability
levels less than .05 are indicated by "*'". The factors
are hand placed on the start platform (H); visQ;l field/
_body hemispace of target (F); target eccehtricity (X);
and response by either eyes or hand algne versus response

by both together (R).
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Appendix IIi

e

o Latency
_Eyes Handé
Probability - Probabi-lity
Source F ratio level F ratio level
H .097 .76835 .031 .86712
F .179 .69012 .210 66611,
X 1.74 .24413 ' 15.4 01113*% -
R 2.11 .20629 3.23 .13246
H by F .015 .90611 9.25 .02872%
H by %. .764 .42207 1.92 .22427
H by R .051 .83058 1.45 .28251
F by X 199 .67417 a.58. .08531
F by R 1.79 .23844 3.36 .12633
X by R .015 .90820 .238 .64631
H by F by X .370 .56957 .183 .68637
H by F by R .000 .99593 .067 .80658
H by X by R .002 .96208 .480 .51928
F by X by R 6.30 .05385 .118 .74559
H by F by X by R .133 .72989 .000 .98429

-
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Appendix IIj

a

Table of F ratios and Probability levels for analyses
of varianpe (SPsSs, Balanova program) ;f the z-score transj
formations‘of the correlations of eye and hand movement - i
latencies for trials in which both systems responded in
Study 3. Probability levels are based on 1,5 degrees of
freedom. Probability levels less than .05 are indicated
by "*". The factors are hand used for response (H); visual

field/body hemispace of the target (F); and target

eccentricity (X).
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Z-scores
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Probability

Source

F ratio

level
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