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Voorwoord

Het schrijven van een voorwoord is een zeer aangename zaak; het betekent namelijk dat
hct overige werk gebeurd is. De goedkeuring over het proefschrift is verkregen en dc
afspraak met de drukker is gemaakt. Het is ook bij uitstek het moment om terug te blikken
op het (A.I.O.-) leven van de afgelopen 4 jaar.

In het begin was het wel even wennen bij dc vakgroep Bewegingswetenschappen na
een plezierig en wetenschappelijk gezien zeer verwendc tijd doorgebracht te hebben bij het
toenmalige Instituut voor ZintuigFysiologie (TNO). Geschikte apparatuur voor het mctcn
van oogbewegingen diende nog aangeschaft tc worden en dc x-y tafel - nodig voor hct
meten van de handbewegingen - moest voor rcvisic naar Amcrika tcrug. Ondcrtusscn wcrd
er verder gesleuteld aan de opstelling. Iwan de Jong en Harry Wandlcr toonden /.ich
onmisbaar bij het ontwikkelen van de software. Huub Jussen, Gerard Simons en Jan Acrts
dachten mee met de ontwikkeling van de uiteindelijke opstelling en verzorgden daarnuast
ook de uitvoering. Herman Kingma was in deze eerste fase op allc gebicden van groot
belang, en bood mij ook de mogelijkhcid om alvast cnkelc pilot-metingen te doen binnen
zijn onderzoeksgroep op de afdeling KNO van het AZM.

Hoewel de glazen x-y tafel de eerste keer in duizend stukjes terug kwam - en ik die
dag ernstig overwoog om maatschappijleraar te worden - kon er na 1 1/2 jaar begonnen
worden met de gewenste metingen. Misschien kwam het door de vele beschikbare denktijd,
maar de eerste metingen leverden mcteen zeer interessante gegevens op en boden
bovendien vele mogelijkheden voor vervolgonderzoek. Dit onderzock werd met de mocd
der wanhoop afgerond voor mijn vertrek naar Amerika, waarbij de enormc inzct van Ankie
van der Aarssen ook buiten haar stagetijd om zeer waardevol is geweest.

My visit to the perceptual-motor laboratorium of Richard Abrams at the Washington
University, St. Louis, USA, turned out to be the best thing that could happen to my thesis.
Colloborating with Richard Abrams and Jay Pratt was extremely fruitful and I am sure that
all my future scientific work will benefit of this experience. Heidi Korthase showed to be-
an excellent lab-assistent, who managed to run all the experiments in a short period of
time. Moreover, the friendliness of Richard, Jay, Heidi, Heather, Mark, Allison, Deb, Pam
and Niki made this period enjoyable far beyond the scientific borders!

Bij thuiskomst bleek het uur der waarheid aangebroken te zijn; het opschrijven van al
dit experimentele werk. Gelukkig bleken Richard Abrams, Jay Pratt, Jos Adam en John
Whiting daarbij ontzettend hulpvaardig. Hoogste tijd om over te gaan op hct vcrmclden
van diegene die het dichtst betrokken zijn geweest bij deze periode in mijn leven.

De beide promotores hebben ieder op hun manier een stempel gedrukt op dit
proefschrift. Prof. John Whiting hield op zijn jaarlijkse bezoeken de grotc lijn van het
proefschrift goed in het oog en daarnaast op meer rcgelmatige basis door middel van velc
"e-mailtjes". John, you are greatly acknowledged for your faith in me, particularly, for the
fact that it was also there during the difficult starting phase of this project. Moreover, you
always showed to be my "promotor" in a broad sense of this word. Prof. Toon Huson wil
ik bedanken voor zijn steun en belangstelling voor het project door de jaren heen. Toon, ik
heb altijd het gevoel gehad dat je deur openstond voor mijn problemen. Jos Adam had dc
ondankbare taak om mij op een meer dagelijkse manier te begeleiden. Hoewel onzc
samenwerking niet vlekkeloos is verlopen ben jij enorm belangrijk geweest bij de
totstandkoming van de in dit proefschrift beschreven theorieSn en meer algemeen in mijn
vorming tot wetenschapper.

Verder wil ik graag de secretaresses Marion en Joke bedanken voor alle
ondersteuning, waarbij met name Joke heeft zorggedragen voor de textuele lay-out van dit



proefschrift. I.udo van Ltten voorzag me van vele grafische adviezen. Gerard Houben, mijn
kamcrgcnoot, wil ik bedanken voor het aanhoren van mijn geklaag in slechtere
wetcnschappelijke tijdcn, /.ijn kritische kijk op cnkele van mijn schrijfsels en vele zaken
daarbuilen. Van de ovcrigc AlO's, wil ik met name Hennie, Matthijs, Jos en Rene
bedanken voor dc met nun komst tocnemende gezelligheid binnen de vakgroep. Maarten en
Paul wil ik bedanken voor hct vanuit dc vakgroep voor/ien in ook nog enige sportievc
daden gedurende dczc jarcn. De schaakclub VSM vormde voor mij echter de grootste bron
van ontspanning; (icrrit, "Love", ik zal onze kwartiertjes missen in Munchen. De beide
puranimfen /ijn met /org uitgekozen; [-'rank, cen vriend die menig grocistuip met mij
deckle en Dennis "Baby-Love" die voor veel plezier - en dikke oogjes - heeft gezorgd
lijdens dc/e Mnaslrichlsc jarcn.

Mijn vadcr, mocder en brocrs bedank ik voor het meegeven van zoveel goeds uit het
oudcrlijk ncsl. Ivllic, aan jou is dit proefschrift opgedragen. •
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1
General Introduction

1.1 Introduction

In order to interact effectively in the everyday world, man depends heavily on the close
coupling between perceptual information and motoric action - the most important receptor for
providing information about objects in the outside world being the eye. Typically, saccades -
rapid voluntary' eye movements - will bring a new area of interest to the fovea, the centrul urea
of the retina where visual acuity is high. In order to produce aimed hand movements to a visual
target, it is necessary to accurately map visual-spatial information about the target onto an
appropriate set of commands for the muscles required to reach for, or point to. the object of
interest. Although humans arc very accurate in their goal-directed behaviour, the mechunisms
underlying looking and pointing are quite complex and much remains to be learned about them.

Strikingly, most of our knowledge about the control of the eye and hand motor systems
is based on research in which these motor systems have been studied separately. In order to
produce eye movements it has been proposed that separate decisions need to be made about
M/»t'w eye movements are to be initiated and to w/jm' the eyes have to be directed (Becker &
Jurgens, 1979; Findlay, 1992). Becker and Jurgens (1979), for example, using a double-step
paradigm confirmed this standpoint by demonstrating that latencies of correstion saccades were
much shorter relative to (typical) saccadic latencies i.e., the W7M.'« decisions were influenced
independently of the iv/im- decisions.

Similar behaviour has also been observed for hand movement responses to double target
step stimuli (e.g., Barett & Glencross, 1988a, 1998b). This, together with a number of other
similarities between limb and eye movements (e.g., Abrams, Meyer, & Kornblum, 1989),
suggests the possibility that separate decisions about uTie/i and w/im' may also be made in the
context of aimed hand movements.

Eye and hand responses have been found to show a large variability in the onset of the
movements. The wide range of eye and hand latencies—even on different trials within one
specific situation - might suggest that the "events in the human nervous system that immediately
precede and allow for the execution of voluntary movements" (Rosenbaum. 1980, p. 444),
contain a random element. Carpenter (1988) postulates a deliberate degree of variability in the
operation of the central processes involved in eye movements, serving to prevent responses
from becoming too stereotyped. Such a strategy could be related to the process of deciding
whether there is, in fact, a target present and, if so, whether it is worth looking at (Carpenter,
1988), a strategy which might be generalized to the manual motor system in the context of
whether the stimulus is worth pointing at.

The end position of eye and hand movements in visual targeting are also very variable.
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While saccades can sometimes be accurate (Kapoula & Robinson. 1986). they usually
undcrsh(K)t their goal slightly and sometimes overshoot it (Becker. 1972). The corrections made
after an undershoot or overshoot range from being completed fairly quickly (dynamic overshoot
and undershoot), to several hundred milliseconds (glissadic overshoot and undershoot), to even
the generation of a secondary saccadc. The manual system almost always contains distinct
submovements, in which the first part - rather similar to saccadic eye movements - is mostly
ballistic and serves to propel the limb most of the distance between the starting position and
the target (e.g.. Abrams. Meyer & Kornblum. 1989). If the primary limb movement does not
land in the target region, then a corrective, secondary, sub-movement may also be produced
mainly on the basis of visual feedback provided by the eye (e.g., Abrams & Pratt, 1993).

1.2 Temporal organization

At Icust three kinds of experimental method have been employed to investigate the temporal
organization of eye and hand movements in the context of pointing to a visually presented
turgct.

Results of studies addressed to the question whether eye and hand respond in a fixed order,
typically show that the eyes start moving toward the target before the hand (e.g., Abrams et al.,
1990, Biguer et al., 1982, Prablanc et al., 1986), and, because eye movements are quite brief,
the eyes usually arrive at the target before the hand starts to move (Abrams et al., 1990). This
serial movement order characterized as 'eye-first, hand-second', has led some researchers to
infer that a limb can only be guided accurately after the eyes have reached the target (Paillard.
1982; Prablanc et al.. 1986).

I lowever, there are several reasons why eye latencies might have been shorter than hand
latencies in these studies, which have nothing to do with the provision of high acuity, foveal
information to guide the hand to the desired end position. For example, most studies have been
carried out with abrupt visual stimulus onsets in a completely dark room. Todd and Van Gelder
(1979) argue, that in such conditions saccadic eye movements may be automatically triggered -
probably because it is important to inspect areas of the visual field in which new information
has just appeared. Another reason is that the complexity of the unknown, forthcoming, response
demands a different amount of preparation time for eye and hand movements, i.e. preparation
time to construct an eye movement (e.g., specifying the desired spatial and temporal properties
of the forthcoming response) may be independent of accuracy demands, while construction of
hand movements may depend, heavily, on the complexity of the forthcoming response (e.g.,
Christina et al., 1982; Fills and Peterson, 1964; Fischman. 1984; Klapp, 1975; Quinn et al..
1980; Sideaway. 1991; Sideaway et al., 1988). In addition, the eye-first, hand-second
phenomenon observed in previous studies may be attributable to the differing dynamical
properties of eye and hand. 'The dynamics of the manual system is determined mainly by its
mass, whereas the dynamics of the ocular system can be described by a visco-elastic spring and
a relatively small mass." Koken, 1993. p. 1). As a consequence, delays associated with muscle
contraction for hand movements exceed those for eye movements (Biguer et al., 1982).
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A closely related, and perhaps more principal question regarding eye-hand coordination
is whether eye and hand responses are initiated by one common command signal or whether
the ocular and manual motor systems utilize different command signals to initiate their output.
Typically, a correlational approach has been used to address this question.

7.2.2 Corre/a/i'oM />efH>et>n /a/enc/es

Correlations between eye and hand latencies have been used to answer the question whether eye
and hand responses are initiated by one common or by different command signals. High
correlations have been interpreted as evidence that eye and hand responses are initiated by a
common command signal, while low correlations have been interpreted as evidence for
independent signals.

Unfortunately, experiments using the correlational method have yielded inconsistent
results. For example, Herman et al., (1981) reported high correlations (r "> 0.6) and these were
also found in one of the conditions of the experiments by Frens & lirkelens (1991) and I ischer
& Rogal (1986). More modest correlations (0.4 < r < 0.6) have been reported by (iielen et al.,
(1984), Prablanc et al., (1979) and in another condition of the experiments by Fischer & Rogal
(1986). Low correlations (r < 0.4) were found by Bigucr et al., (1982) and in another condition
of the Frens & Erkelens study (1991).

Modest correlations, however, can easily be attributed to a shared perceptual processing
component without an additional shared output signal to the motor systems (Ciielen et al.,
1984). Higher correlation values, on the other hand, are more difficult to explain without the
notion of a common command signal to the two motor systems. There are. however, some
serious methodological objections to the Herman et al., (1981) study. Importantly, Herman ct
al., (1981) correlated paired values of all 5 subjects in one analysis, a method which is known
to give rise to spurious correlation coefficients, i.e. five individual low correlations, can result
in one overall high correlation coefficient. Another reason why Herman et al.. (1981) may have
found high correlation is suggested by Jeannerod (1988) who noted, that the subjects in the
Herman et al., study received a training session which might have stabilized their RT latencies.
Nevertheless, it is not quite clear why stabilized RT latencies of eye and hand responses should
benefit the degree of covariation between eye and hand.

Overall, it seems that most studies fail to report high correlation coefficients. Whether
the correlations are poor or modest seems to be related to the stimulus condition. For instance,
Frens & Erkelens (1991) found eye and hand movements to be generated independently, i.e.
a low correlation coefficient when visual information is available and generated in a more
related way when no visual information is available.

An alternative methodological approach to the issue of whether the eye and hand motor
systems are driven by independent mechanisms is the so-called dual-task methodology.

/.2.J

In order to investigate dual-task interference in generating eye and hand movements, researchers
have employed three conditions: In the two, single-task, conditions subjects have to make e;//ier
eye or hand movements to a visual target, while in the dual-task condition W/i hand and eye
are required to move to the visual target.
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The logic behind dual-task methodology in the context of temporal coupling of eye and
hand is as follows: If eye and hand movements are executed simultaneously without an increase
in K I latencies in the dual-task relative to the single-task condition, a strong argument is
provided in favour of the assumption that both responses are mediated by independent
processes. In the case that the KI latencies in the dual-task condition differ from those in the
single-task condition, support is provided for the notion that the production of movements by
eye and hand motor systems are interrelated in the production of their output.

Studies addressed to the question of dual-task performances of eye and hand movements
have shown inconsistent results. Kyc and hand latencies were found to be independent in studies
by Fischer & Kogal (I486) and Brown et al., (1994), while other studies found increased eye
latencies in the dual-task condition compared to single-task performance (e.g.. Mather & Fisk,
I98.S; Warabi et al., 1986). No one, as yet, however, would appear to have tried to determine
the underlying reasons for this inconsistency.

1.3 Sputiul organization

Uwtlly, htffllMS reach the god of eye and/or hand movements quite accurately. Apparently,
the actor has an accurate "representation" of the location of his/her body and the objects in
his/her environment. There are a number of potential sources of spatial information which
would enable the generation of accurate, saccadic eye and aimed hand movements.

y.J. / /te//Ma/ j/i/brmafrVj/t

When a target appears in the peripheral field, retinal information about the target is provided
by the patterns of light stimulation on the retina. For instance, information about the location
and the movement of the object in the environment, about limb position and about the status
of the ongoing movement. In particular, the relative positions of the target and the limb are
important to the making of an accurate limb movement (Prablanc et al., 1986). Without all
these different kinds of information, movement performance quickly deteriorates (e.g., Carlton,
1981; Keel & Posner. 1968; Meyer et al., 1988a; Vince, 1948; Woodworth, 1899). Most models
of initiation of the saccadic system assume that the oculomotor system attempts to minimize
retinal error of the location of the image of the target on the retina relative to the fovea (Mays
& Sparks. 1980; Young & Stark. 1963; Robinson. 1973). Moreover, the saccade is thought to
be ballistic. In addition, most researchers suppose that preparation of a saccadic eye movement
involves the specification of the direction and the distance through which it is required to move
(e.g., Becker & Jurgens, 1979; Hou & Fender, 1979; Megaw & Armstrong, 1973, Abrams &
Jonides. 1988; Abrams et al.. 1989). More controversy seems to exist about preparation
parameters for the hand in order to reach the goal. Complementary to the saccadic eye models,
some researchers assume that people produce limb movements by specifying the direction and
amount of force that the muscle must apply over time to the moving limb (e.g., Meyer et al.,
1982; 1988; Schmidt et al.. 1979).

However, other models consider retinal information about the location of the goal in
space to provide all the information an actor needs to specify the desired state of a limb. The
limb movement itself does not require explicit planning. Traditionally, these location-related
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models, regard the limb as a mass supported by opposing springs, i.e. the agonist and antagonist
muscles (e.g. Feldman. 1986; Polit & Bizzi, 1979; Sakitt. 1980). The limb is at rest when the
forces discharged by an opposing set of muscles are exactly equal. Specification of a new
desired end location demands a new equilibrium point for the limb, and a movement will be
generated any time the limb is not at equilibrium (see also Abrams, Van Dillen & Stcmmons,
1994).

7.J.2 £r/ra-refi>ta/ /n/b/7wa//on o/f/ie eyes

Extra-retinal (eye-position) information might also play a role in aimed limb movements.
According to Helmholtz (I8../1963) eye position information is needed to accurately locali'/.e
objects, since retinal image position and object location with respect to the head are not fixed,
but change as a result of eye movement. One possible non-retinal source of information might
be the putative efference copies of motor commands to the cxtraocular muscles (e.g., Spcrry,
1950). Another source of eye position information might be the orbital receptors: "If one is
asked to estimate the length of a line, one's first reaction is to scan the line fixating each end
in turn, as if to measure it in terms of the amount of ocular rotation required to traverse it."
(Mcl.aughlin et al., 1968, p. 45). Which of the two, or whether both sources provide
information about eye position, is still a matter of debate (sec also Hock, 1986; Carpenter,
1988). However, there is some evidence to suggest that subjects can guide a limb accurately
to a spatial location based purely on extraretinal information about eye position (e.g., Hanscn
& Skavenski. 1977; 1985; Prablanc et al., 1979). Nevertheless, much has to be proven before
this assumption can be generalized (e.g., Abrams et al., 1990). One particular problem with
determining the attribution of extra-retinal information independently of retinal information is
that having the eyes at the target also enhances the retinal information about the target, i.e. the
target can be viewed in central instead of peripheral vision (e.g., Paillard, 1982).

AJ.J /Vopr/ocep//ve /w/brmaf/on aftouf //if farm/

In addition to retinal information, humans have available proprioceptive information about the
position and movements of the hand. Sittig and colleagues (1985a; 1985b; 1987) showed that
a distinction has to be made between the control of position information and slow movement
control of the limb on the one hand and the control of fast movements on the other. Joint
receptors located in the capsules are supposed to provide information about joint position (and
slow limb movements), while the muscle spindles, located in parallel with the extrafusal fibres
are supposed to provide velocity information by means of changes in muscle length.

In order to produce accurate goal-directed movements effectors need to have an unitary
perception of the location of the body and the objects surrounding it, and this, so-called internal
representation has, typically, to be updated by every change in the effector's posture or as
objects change position in the surroundings. Apparently, the spatial information from the
different sensory sources outlined above, is well matched. Several models have been proposed
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to explain how the body and the outside world are represented. Researchers have addressed
questions about whether humans have an alloccntric or egocentric representation (e.g.. Blouin
et al., 1993; Paillard, 1991)? Is space represented relative to the head or body (e.g.. Bard et al.,
1990; Socchting and I landers, 1989)? Another, often questioned issue is whether eye and arm
positions are represented in retinocentrally and jointcentrally coordinates, respectively, or in
space coordinates (e.g., flogon, 1988; Mays and Sparks. 1980; Soechting and Ross. 1984). The
main concern of this thesis, however, is not with the nature of the representations /*r .ve, but
instead the focus is on whether the manual motor and oculomotor systems are interrelated in
terms of the mechanisms used to control the movements. Specifically, our inquiry is limited to
the question whether the manual and oculomotor systems utilize two independent spatial sources
of information to produce movements, or whether they are controlled from a common source.
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Reaction time latencies of eye and hand movements in
single- and dual-task conditions*

Summary

The goal of this study was to investigate whether ocular and hand motor systems operate
independently or whether they share processes. Using </MCI/-/<J.VA methodology, reaction lime
(RT) latencies of saccadic eye and hand motor responses were measured. In Experiment I.
the hand and eye motor systems produced rapid, aimed pointing movements to u visual
target, which could occur either to the left or right of a central fixation point. Results
showed that RT latencies of the eye response were .v/owvr in the dual-task condition than
in the single-task condition whereas the RT latencies of the hand response were virtually
the same in both conditions. This interference effect indicated that the ocular and manual
motor systems are not operating independently when initiating saccadic eye and goal-
directed hand movements. Experiment 2 employed the same experimental paradigm as
Experiment 1, except for one important modification: Instead of a goal-directed hand
movement to the target stimulus, subjects had to make a button-press response with either
the index or middle finger of the right hand dependent upon whether the stimulus occurred
to the right or left of the control fixation point. The aim of Experiment 2 was to
investigate the issue whether the observed interference effect in Experiment I was Ayw//?c
or nort-s/?ec//?c (e.g., overhead costs due to coordinating an^ two responses). The finding
that saccadic eye movements and button-press responses in the dual-task condition could
be initiated without delay relative to the single-task conditions, supports the specific
interference interpretation.

Introduction

This paper focuses on temporal coupling between eye and hand movements in the context
of pointing to a visual target. In the last decade two relevant questions regarding this issue
have been examined: First, whether initiation of eye and hand responses occur in a fixed
or variable order (e.g., Abrams et al., 1990; Biguer et al., 1982, Prablanc et al., 1986) and,
second, whether eye and hand responses are initiated by one common command signal or
by different command signals (e.g., Fischer & Rogal 1986; Frens & Erkelens, 1991;
Herman et al., 1981; Prablanc et al., 1979).

Published in Experimental Brain Research. 97, 1994, 471-476. Co-authon: JJ. Adam, H. Kingma, A. Hiuon
and H.T.A. Whiting.
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Results of studies addressed to the first question are straightforward: Almost always the
eyes start moving toward the target before the hand, and because eye movement
durations are quite brief, the eyes usually arrive at the target before the hand starts to move
(Abramset al.. 1990).

Answers to the second question, however, are not quite so straightforward. Typically,
a correlational approach has been used in order to determine the degree of co-variation between
reaction time (RT) of eye and hand movements; high correlations being interpreted as evidence
that eye and hand responses arc initiated by a common command signal, low correlations as
evidence for independent command signals.

Experiments using the correlational method have yielded inconsistent results - widely
differing correlations having been reported both within and between studies. For example, low
correlations (r < 0.4) were reported by Bigucr et al., 1982, and by Frens & Erkelens 1991;
modest correlations (0.4 • r • 0.6) by (iiclen et al., 1984, Prablanc et al.. 1979. and by Fischer
& Rogal 1986; high correlations (r - 0.6) were found by Herman et al.. 1981 and also in some
of the conditions of experiments by Frens & Erkelens 1991 and by Fischer & Rogal 1986.
Because the majority of the studies fail to report high correlations and because low and modest
correlations can easily be attributed to a shared perceptual processing component (Giclen et al.,
1984), strong evidence in support of the common command hypothesis is lacking.

Failure to obtain evidence for the common command hypothesis, however, does not
automatically constitute evidence in favour of the independent commands hypothesis.
Theoretically it is still possible that eye and hand motor systems do work together, but that the
degree of cooperation is insufficient to realize strong correlations. To investigate the issue
whether eye and hand motor systems operate independently or whether they share processes,
</M(j/-/a.v/t methodology' was employed in this study. In the single-task condition subjects had
to make I'MIV eye or hand movements to a visual target while in the dual-task condition /w//i
hand and eye were required to move to the visual target.

The logic behind dual-task methodology is as follows. When eye and hand movements
are executed simultaneously without an increase in RT latencies in the dual-task condition
relative to the single-task conditions, a strong argument is found in favour of the assumption
that both responses are mediated by independent processes. In the case that the RT latencies in
the dual-task condition differ from those in the single-task conditions, support is found for the
notion that movements produced by eye and hand motor systems share processes.

Experiment 1

Experiment 1 was designed to study RT latencies of eye and hand movements in single and
dual-task conditions. The experimental task required subjects to move (either with the eyes
alone, hand alone, or concurrently with eyes and hand) as quickly as possible to a large target
stimulus appearing either to the left or right of a central fixation point. The choice of a large

' ITic term dual-task methodology in this paper refers to the /rocftA/re of studying RT latencies of eye
und hand movements in single and dual-task conditions. Note that the dual-task conc/mon is used in most
studies on eye-hand coordination but the single-task condition is not.



target size was motivated by the wish to impose low accuracy constraints i.e.. to demand only
a ballistic hand response without the need for visually guided error corrections.

Method

Twelve right-hand preferent undergraduate (3 male and 9 female) students, (mean age 22 years),
participated as non-paid, voluntary, subjects. 9 subjects had normal vision. The three subjects
with glasses were not allowed to wear them during the experiment. As all these subjects had
an acuity of at least 18/20 dioptre the nature of any impairment they experienced was
inconsequential for performing visual tasks at short distances as was the case in the present task.
All were naive as to the purpose of the experiment.

Each subject served in three conditions on a single day, with each condition lasting 10 minutes
with a break of 5 minutes between conditions. In the Eve-CWy condition, only the eyes moved
to the stimulus; in the tfam/-On/y condition only the hand moved to the stimulus while the eyes
remained fixated on the fixation point; in the £ye-an</-/7(jn(/ condition both eyes and hand
moved to the stimulus. Order of conditions was balanced between subjects.

The experiment was carried out in a normally illuminated room which contained many visual
cues. The subject stood behind a horizontally placed transparent X-Y tablet (Scriptel RDT, 105-
80 cm). Underneath the X-Y tablet a tv-monitor (Phillips, 54-40 cm) was mounted which was
controlled by an AT-MSDOS computer. On the monitor a fixation sign was presented in line
with the subject's eyes at a distance of about 28 cm. The fixation stimulus was a Tilled dot'
of 2 deg in angle; the stimulus was a 'filled rectangle' presented at a distance of 15.9-24.9 deg
of visual angle. Positions of subject's eyes were monitored with an IRIS system. This system
records eye position by reflection of iris-sclera boundaries by means of infrared light; the output
of the IRIS system is low-pass filtered (200 Hz, -3dB); for details see Reulen et al., 1988. The
analog output from the IRIS was digitized at a rate of 200 Hz. Calibration was performed at
the beginning of each session. The head was Fixated by a frame which was connected to the
IRIS 35 cm above the middle of the X-Y tablet, so that the eyes were directly above and
looking down at the control fixation dot.

The subjects were requested to move a stylus with their right hand over the surface of
the X-Y tablet which recorded X-Y coordinates with an accuracy of 0.1 mm at a rate of 172
Hz.

Procedure

10 practice trials preceded 20 experimental trials. At the beginning of each trial the subjects
were requested to place the stylus on the fixation point. After 2s the target stimulus appeared
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randomly cither to the left or to the right of the fixation point. Subjects were instructed to make
uccadic eye movements and/or ballistic hand movements towards the target. They were also
instructed to minimize both RT and movement time (MT) of eye and/or hand.

The position data generated by the IRIS system were off-line analyzed by means of the
software progrumm NYSTAGI.INKR (Toennies, Wurzburg) to identify the occurrence of
uccades. I he beginning of a saccadc was defined when the signal exceeded the value of the
Root Mean Square (RMS) of the previous 120 ms with a factor 3 within a subsequent window
of 20 ms. A trial was excluded from the analysis when another saccade or eye blinking
appeared within 100 ms before or after this point of detection. The same criteria were used to
check fixation of the eyes in the //an<Af Jn/v condition. Because all subjects showed almost
perfect binocular coordination between horizontal saccades (correlation values for each subject
> .99), only dutu concerning the right eye are presented'.

Detection of changes in hand movements (RTs) were calculated by a computer algorithm which
included four criteria: The first three samples had to differ at least one unit in x-direction (one
unit corresponds to 0.1 mm) from each other, the fourth more than one, the fifth more than two
and the sixth sample had to differ more than three units from its preceding x-coordinate.

Corre/a/ion

Within subject Pearson correlation coefficients were calculated on a trial by trial basis between
eye and hand RTs in the dual-task condition. In addition, a between subject Pearson correlation
was calculated using the subjects' mean RTs of eye and hand in the dual-task condition.

Results

The results of one subject were excluded because eye blinks occurred in more than 25% of the
trials which required eye movements. For the remaining 11 subjects. 10.0% of trials which
required saccadic eye movements in the £_ye-O«/y condition and 11.8% in the £ye-an</-//an</
condition were excluded (see Method section: eye movement analysis).

Table 1 shows mean RT and standard deviation of eye and hand movements in single
and dual-task conditions.

"All trials were visually inspected: in about 10% of the trials of both fyr-On/y and
conditions the automatic detection of a saccade was manually corrected. These manual corrections were
invoked when significant eye-drifts occurred.
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Table I. Mean RT latencies (ms) and standard deviations (ms) for eye and hand aiming responses in single-and dual-
task conditions (Experiment 11

SINGLE-TASK

DUAL-TASK

EYE

222 i 35

261 141

H A M )

2.14 141

238 l 42

An ANOVA yielded a significant main effect for task condition (single »\v dual). F(1,IO)« 12.7,
jf< .01, indicating longer reaction times in the dual-task than in the single-task condition (249
and 229 ms. respectively). The main effect of type of movement (eye v.v hand) was not
significant. F( 1.10) = 0.1, /> >.2. Importantly, a significant interaction effect was found between
type of movement and task condition, F(l,10) = 19.3, p < .01. A paired, two-tailed, t-tcst T( 10)
= 4.52, /? < .002 indicated that RT of the eyes was significantly longer (39 ms) in the dual-task
condition than in the single-task condition.

2*0

240

200
Single

Task Condition
Dual

Figure 1. Mean RT latencies (ms) of eye and hand aiming responses in
both single and dual-task conditions (Experiment 1). Fig. I shows that
saccadic eye RT latencies are longer in the dual-task condition than in
the single-task condition.

RT latencies of the hand were virtually identical in single and dual-task conditions (1(10) = .23,
p > .8). The RT latencies of the eyes and the hand were not significantly different from each
other in the dual-task condition (T(10) = 1.45, p > .15'.

'The mean difference between RT latencies of eye and hand in dual-task condition was 23 ms. However,
the large variation in eye and hand RTs (sd=54) makes this difference non-significant.
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'- None of the individual (within-subjects) correlations between eye and hand RTs was
significant, all />'.r being larger than .05. The between-subjects correlation was 0.14, /» > .05

Discussion -5

The main finding of Experiment I was that RT latencies of the eyes were consistently and
significantly longer in the dual-task condition than in the single-task condition while those of
the hand did not differ significantly. In addition, no significant correlations were found. Non-
significant or low correlations do not support the common command hypothesis but, as stated
in the introduction low correlations do not constitute strong evidence for the notion that the eye
and hand motor systems operate independently. In fact, the interference effect for the eye
response in the dual-task condition indicates that the ocular and manual motor systems do not
operate independently; but rather, that at some stage, processes are shared.

The question to which this finding gives rise is whether or not the observed interference
effect is specific or non-specific i.e., the consequence of being required to produce any two
responses or the sharing of specific processes in the context of pointing to a target.

One way to discriminate between these two interpretations is to manipulate the nature
of the manual response. This is done in Experiment 2.

Experiment 2

The same paradigm as for Experiment 1 was used except for one important modification:
Instead of a goal-directed hand movement to the target stimulus, subjects had to make a button-
press response with cither the index or middle finger of the right hand. Specifically, the left
target stimulus required a button-press response with the index finger and the right target
stimulus a button-press response with the middle finger. The same saccadic eye movement was
required as in Experiment 1.

The purpose of this manipulation is straightforward: If Experiment 2 shows the same
interference effect as found in Experiment 1, support is provided for non-specific interference.
On the other hand, if the interference effect disappears, support is found for a specific
interference effect caused by a sharing of processes associated with the control of coordinated
aimed eye and hand movements.

Method

Twelve right-hand preferent undergraduate (5 male and 7 female) students (mean age 23 years)
participated as non-paid, voluntary, subjects. All had normal vision, and all were naive as to
the purpose of the experiment. None of them had taken part in the previous experiment.
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/Vocet/wr?

Instead of making a goal-directed hand movement, subjects were requested to press one of two
buttons on a response box with either the index finger when the stimulus was presented to the
left of the fixation sign or with the middle finger when the stimulus was lo the right. The
subjects were required to keep the two fingers on the buttons during the experiment. fl

/gn: see Experiment 1. • . . • • >

ana/y.s/5: see Experiment 1.

A connection was made between the response box and the AT-MSDOS computer by means of
the joystick port. This port scanned both button states (high or low value) at a rate of 1000 Hz.
The values were analyzed off-line. A trial was excluded when no response occured within u
period of 750 ms, or when a subject pressed the wrong button.

Results

3.1% of trials requiring saccadic eye movements in both the £y«?-O»/y and the /iy
condition were excluded. 0.7 % of trials requiring finger responses in the A7w#i'r-On/y and 1.7%
of trials in the fye-anJ-F/rc^er condition were excluded.

Figure 2 shows the mean RT latencies of eye and finger responses in single and dual-
task conditions. A main effect was found for type of movement, indicating that the RT latencies
of the eyes (217 ms) were significantly shorter than the RT latencies of the finger (316 ms),
F(l,ll) = 44.5,/>< .001. No main effect was found for task condition, F(I,U) = 3.2, /? > 0.05.

T«kCom*on

Figure 2. Mean RT latencies (ms) of eye and button-press responses in
both single and dual-task conditions (Experiment 2). Figure 2 shows
that saccadic eye RT latencies and button-press RT latencies are similar
in single and dual-task conditions.



28

The most important result of Experiment 2 was the absence of a significant interaction
effect between type of movement (eye v.v finger) and task condition (single v.v dual),

/7^ .2.

The purpose of Experiment 2 was to investigate whether the interference effect between the eye
and hand response observed in Experiment 1 was due to specific or non-specific interference.
The finding that saccadic eye movements and button-press responses in the dual-task condition
could he initiated without delay relative to the single-task conditions, supports the specific
interference interpretation.

(•vncral discussion

The experiments here reported produced three major findings.

Experiment I:
i. the ubsencc of a temporal order effect - There were no significant differences between

the RT latencies of eye and hand in the dual-task condition.
ii. an interference effect - An increase in saccadic eye RT latencies in the dual-task

relative to the single-task condition.

Experiment 2:
iii. a task-specific effect - No increase in either the saccadic or button-press RT latencies

in the dual-task relative to the single-task condition.

The common finding in the literature of dual-task conditions involving eye-hand coordination
movements to a target is that the eye starts to move in the direction of the target before the
hand (see Introduction for references). The discrepant finding reported in Experiment 1 seems
to indicate that this order of eye and hand responses may be due to the specific task
requirements. Traditionally, experiments on eye-hand coordination have involved a relatively
small target - for example, a light emitting diode - which, because of the need for precise foveal
information to guide the hand accurately to the desired end position may invoke serial order
operation of eye and hand motor systems. In Experiment 1. such stringent demands were not
imposed on subjects. Speed and not accuracy of both eye and hand movements was stressed
and. to this end. large targets were used and only two possible target positions employed. The
absence of a temporal order effect in the present dual-task condition calls into question the
generality of the eye-first, hand-second phenomenon. In their first experiment. Abrams et al..
(1W0) found that subjects spontaneously executed a saccade toward the target of their rapid
aimed limb movements but that only three of four subjects tested began to move their eyes first.
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(1990) found that subjects spontaneously executed a saccade toward the target of their rapid
aimed limb movements but that only three of four subjects tested began to move their eyes first.
They phrased this finding as The saccade is closely time locked to the initiation of the limb
movement, although its order of occurrence does not seem crucial: Limb movements (e.g., wrist
rotation) are equivalent whether they lead or follow an eye movement" (pp 254). The actual
movement order therefore may depend on the behavioral task involved, as for instance the
amount of uncertainty about the spatial location of the target.

The finding that saccadic eye movement latencies were slightly larger in the experiments
reported here than those to be found in the literature can probably be accounted for by the fact
that most researchers extinguished the fixation light at the moment the target appeared. This
extinction has been shown to provide an extra cue that reduces saccadic latency (e.g. Rculcn
1984). Other investigations within a so called overlap paradigm showed indeed succadic RT
latencies of the same order (e.g., Fischer & Rogal, 1986).

The fact that no increase in RT latencies was observed either for the eye or for the hand in
Experiment 2, where finger-press responses were required, suggests that the observed
interference effect of Experiment 1 is restricted to situations in which both hand and eye arc
functionally involved in moving to a target position.

In a related study done with eye and hand movements within a dual-task paradigm,
Fischer and Rogal (1986) found saccadic eye latencies to be independent of whether or not they
were combined with hand movements. However, in contrast to the present study they used small
targets (1 deg * 1 deg). This task constraint may induce subjects to first move the eyes to the
target position and subsequently the hand; in other words, small targets may demand serial
operation of ocular and manual motor systems, while large targets may demand parallel
operation. Frens & Erkelens (1991) also concluded that depending on the task constraints,
coordination of hand and eye movements involves parallel and independent control, or the
sharing of specific processes.

Both the finding that eye and hand RTs were not significantly different from each other
in the dual-task condition and the finding that none of the subjects showed a significant
correlation between eye and hand RTs indicate that the augmentation of saccadic eye RTs in
the dual-task relative to the single-task condition is not due to an eye-is-waiting-the-hand
phenomenon. Further research is being carried out in our laboratory to investigate the nature
and locus of the delay that ensues when saccadic eye responses are combined with goal-directed
hand movements.

Because saccades have stereotyped velocity profiles and because they show quick
orienting behaviour under all kind of circumstances, the saccadic system has often been
considered to be an automatically reacting open-loop system (e.g.. Young & Stark, 1963; Posner
et al., 1978, Prablanc & Pelisson, 1990). Clearly, the results of Experiment I in which a
significant increase in saccadic RT latency was observed in the dual-task condition calls the
generality of this conceptualization into question.
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Interference between saccadic eye
and goal-directed hand movements"

Summary

The aim of the present study was to investigate the nature of the interference effect - i.e., longer
eye latencies - when the eye is accompanied by a goal-directed hand movement thun when it
moves alone. Latencies of eye and hand responses were measured in response to small und lurgc
visual target stimuli, while employing dual-task methodology. Hxperimcnt I and 2 were
designed to investigate whether the interference effect is related to a specific temporal
bottleneck, i.e. the eye and hand motor systems share limited available processes at a specific
point in time. The findings of robust interference effects independent of the temporal
organization of eye and hand contradicted this notion. In Experiment 3 subjects knew in
advance where the target would appear. In this situation the interference effect disappeared,
implicating mechanisms concerned with response-selection of the movements as the source of
the interference effect. Experiment 4 showed that the interference effect disappeared in the
context of highly salient stimuli, suggesting that highly salient stimuli engage the "reflexive"
Superior Colliculus pathway, thereby bypassing response selection mechanisms. The
neurophysiological implications of the findings are discussed.

Introduction

Humans frequently experience great difficulty when performing two distinct motor tasks at the
same time and initiation of one or both tasks is often delayed as compared to single-task
performance (e.g., Fagot & Pashler. 1992; Sternberg, 1969; Pashler. 1984; 1989; 1990; Pashlcr
& Johnston, 1989). Research on dual-task performance seeks to understand the fundamental
causes of this interference and, thus, provide insight into the functional organization of the brain
(Pashler et al., 1993). Studies addressed to the question of dual-task performances of eye and
hand movements have, typically, shown that the eye movement was delayed in the dual-task
condition compared to the single-task condition (e.g., Bekkering et al., 1994; Mather & I'isk
1985; Warabi et al.. 1986). This observed interference effect suggests that at some level
processes associated with the control of coordinated aimed eye and hand movements arc shared.

A closely related question regarding the temporal coupling between eye and hand
movements in the context of pointing to a visual target, is whether they occur in a fixed or
variable order (e.g. Abrams 1990; Biguer et al., 1982; Prablanc et al., 1986). Almost always

'Submitted in modified version to Experimental Brain Research. Co-authon: J.J. Adam, A.
van den Aarssen. H. Kingma and H.T.A. Whiting
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the eyes have been found to start moving before the hand, and, because eye movements are
quite brief, the eyes usually arrive at the target before the hand starts to move (Abrams et al..
1990). However, Bekkering et al., (1994), in an experiment designed to investigate the temporal
coupling between eye and hand movements while imposing low accuracy constraints,
demonstrated the absence of such a temporal order effect. The discrepant Finding that eye and
hand responses occurred concurrently was interpreted in terms of specific task demands.
Traditionally, experiments have involved relatively small target stimuli, such as a light emitting
diode (I,HI)). The employed large, visually presented target stimuli in the Bekkering et al.,
(1994) study, however, presumably took away the need for precise foveal information to guide
the hand accurately to the desired end position.

The present study was designed to investigate the nature of the interference effect, i.e.
longer eye latencies when the eye is accompanied by a goal-directed hand movement than when
the eye moves alone. In the first experiment, an attempt was made to invoke different temporal
order relations of eye and hand responses, i.e. a shift from a simultaneous operation order for
responses to large target stimuli to a more serial eye-first, hand-second operation order for
responses to small target stimuli. If the interference effect is related to a specific temporal
bottleneck, i.e. the eye and hand motor systems share limited available processes at a specific
point in time, less interference might be expected when eye and hand responses are executed
more serially in response to small target stimuli.

Experiment 1

Materials and methods

Six right-hand prcferent undergraduate and graduate students, (all male, mean age 26 years),
participated as non-paid, voluntary, subjects. All had normal vision and all were naive as to the
purpose of the experiment.

De.v/gn

Each subject served in two sessions on a single day. Both sessions consisted of three conditions
with each condition lasting about 10 minutes and a break of at least 60 minutes between
sessions. One session included responses to small visual target stimuli and the other session
responses to large visual target stimuli. Order of sessions was balanced between subjects. In the
eye-only condition, only the eyes moved to the stimulus; in the hand-only condition only the
hand moved to the stimulus position while the eyes remained fixated on the fixation point; in
the eye-and-hand condition both eyes and hand moved to the stimulus position. Order of
conditions was balanced between subjects and was kept constant between sessions.
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The experiment was carried out in a normally illuminated room which contained many visual
cues. The subject stood behind a horizontally placed transparent X-Y tablel (Scriptel RDT.
105-80 cm). Underneath the X-Y tablet a tv-monitor (Philips, 54-40 cm) was mounted which
was controlled by an AT-MSDOS computer. On the monitor, small and large target stimuli
were presented in line with subject's eyes at a distance of about 30 cm. Therefore, each degree
of visual angle corresponded to a distance of .52 cm on the monitor. The centre of the circular
stimuli was presented at a distance of 15° of visual angle to the left or right of fixation. The
diameter of small stimuli was equivalent to .5°, while the diameter of large stimuli was
equivalent to about 8° of visual angle. Positions of subject's eyes were monitored with an IRlS
system. This system records eye position by reflection of iris-sclera boundaries by means of
infrared light (Reulen et al.. 1988). The analog output from the IRIS was digitized at a rule of
200 Hz. Calibration was performed at the beginning of each session. The head was fixed by a
frame which was connected to the IRIS. 40 cm above the middle of the X-Y tablet, so that the
eyes were directly above and looking down at the control fixation dot.

The subjects were requested to move a stylus with their right hand on the X-Y tablet
which recorded X-Y coordinates with an accuracy of 0.1 mm at a rate of 172 Hz.

In each experimental condition 1 block of 8 practice trials preceded 3 blocks of 8 experimental
trials. At the beginning of each trial, subjects were requested to place the stylus on the fixation
point. After 2 s, the target stimulus appeared randomly either to the left or to the right of the
fixation dot. Subjects were required to move (eyes alone, hand alone, or eyes and hand
concurrently) as quickly as possible to either a small or a large target stimulus. Subjects were
instructed to move as quickly as possible to the target region, but to end within the target
region. Subjects received no feedback regarding the behaviour of eyes or hand.

The analog output of the IRIS was stored on an MSDOS computer after a block of trials. These
data points were analyzed off-line by means of the software program NYSTAGLINKR
(Toennies, Wurzburg). In order to identify the occurrence of saccades the signal was
differentiated. The beginning of a saccade was defined to be at the first moment in time at
which the velocity of the eye exceeded 10°/s and remained above that value for at least 10 ms
while subsequently exceeding 35°/s. The end of the saccade was defined to be at the first
moment in time afterward at which the velocity of the eye fell below 10°/s (algorithm is
identical to that of Abrams et al., e.g., 1989; 1990). This algorithm results in values for
saccades onset and terminations that are in excellent agreement with judgment based on visual
inspections of the trajectories. Using this algorithm, it was possible to reliably detect the
occurrence of saccades larger than about .5° of visual angle. The velocity algorithm was also
used to check fixation of the eyes in the hand-only condition. Because all subjects showed
almost perfect binocular coordination between horizontal saccades (correlation values for each
subject > .999), only data concerning the right eye are presented.
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The digital output of an x-y tablet was transferred to the IRIS-MSDOS computer by means of
a IM-port I he resulting analog output was stored after a block of trials. The beginning of a
hand movement was defined to be at the first moment at which the velocity of the hand
exceeded S°/s and remained above that value for at least 10 ms while subsequently exceeding
25°/s. ITic end of the hand movement was defined to be at the first moment in time afterward
at which the velocity of the hand fell below 5°/s. Using this algorithm we were able to reliably
detect the occurrence of hand movements larger than .2° of visual angle.

Within-subject Pearson correlation coefficients were calculated on a trial by trial basis between
eye and hand RTs in the dual-task condition of the two sessions of all subjects.

Result*

RTs. Saccadic eye RTs were substantially shorter than hand RTs, [F( 1,5) = 11.8, p < .02]. Also,
a main effect was found for task-condition, |I(I,5) - 8.03. p < .04], indicating shorter RT
latencies in the single-task condition than in the dual-task condition.

220
Stag*

Tuk Condition
Outf

Figure I. Mean RT latencies (ms) of eye and hand aiming responses in
single- and dual-task, conditions (Experiment I). Saccadic eye RT
latencies are longer in the dual-task condition than in the single-task
condition.

Additionally, subjects showed shorter RT latencies to large target stimuli than to small
target stimuli, [F(l,5) = 21.8, p < .01].
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Figure 1 demonstrates the interference effect, longer eye RT latencies in the dual-task condition
than in the single-task condition, [i.e., type of movement and task-condition interacted; HI,5)
= 12.18. p < .02]. The absence of a 3-way interaction indicated that the interference effect was
independent of target size, [HK5) < 1], Overall, latencies in single- and dual-task condition
were 235 and 261 ms for eye responses, respectively, and 277 and 274 ms for hand responses.
Figure 2 provides evidence for a shift in temporal organization: The lengthening of RT latencies
to small target stimuli was more pronounced for hand movements (47 ms) than for eye
movements (30 ms) [i.e., the effects of type of movement and size of target interacted; A\1.5)
= 30.3, /> < .004].

210
Large

TMk Condition
Smal

Figure 2. Mean RT latencies (ms) of eye and hand aiming responses to
large and small target stimuli (Experiment I). Hand latencies are more
prolonged for responses to small stimuli compared to responses to large
stimuli than eye latencies.

In fact, two-tailed, paired, t-tests demonstrated that RT latencies of eye and hand responses
were significantly different for small targets [7(5) = 2.62, p < .05], but not for large targets

Strong correlations between saccadic eye and hand RT latencies in the dual-task
condition were found for each subject in response to small target stimuli [p's < .001 for all 6
subjects, (mean correlation = .77, sd + 5)] However, more modest correlations were found in
response to large target stimuli, [mean correlation = .58, sd + 25].

Discussion

The first experiment showed robust interference effects, that is augmentation of saccadic eye
latency in the dual-task condition relative to the single-task condition for eye movements to



large target stimuli as well as for eye movements to small target stimuli. These findings are
consistent with an interpretation that the interference effect is not due to a specific temporal
bottleneck, i.e. related to the kind of temporal organization of eye and hand responses.
However, it could be argued that Kxperiment I was only partially successful in manipulating
the temporal operation order of eye and hand responses. That is, because only two target
positions were used, accuracy demands were still rather low. Therefore. Experiment 2, sought
to investigate further the temporal bottleneck hypothesis by increasing the number of target
p o s i t i o n s p r e s e n t e d . • • • • . - - - . SKcr-s^w'

Experiment 2

The same paradigm us for Experiment I was used in order to provide a more critical test of the
specific temporal bottleneck hypothesis of the interference effect. This was achieved by
presenting the small target stimulus of Fxperiment I at 24 different positions rather than the
original 2. i.e. directional accuracy demands were further increased. Hand latencies are known
to increase substantially when accuracy demands increase (e.g.. Christina et al., 1982; Sideaway,
1991; Sidcawuy et al.. 1988), while eye latencies are rather independent of accuracy constraints
(e.g.. Carpenter, 1988). It might, therefore, be expected that eye and hand responses would be
executed more serially - eye-first, hand second - in response to 24 small target stimuli than to
2 small target stimuli.

Materials and methods

Twelve right-hand preferent (under)graduate, (8 female and 4 male) students (mean age 24
years), participated as non-paid, voluntary, subjects. They were drawn from the same pool as
those in Experiment I, but none had served previously.

Each subject served in one session on a single day. which consisted of three conditions with
each condition lasting about 10 minutes and a break of at least 5 minutes between conditions.
In the eye-only condition, only the eyes moved to the stimulus; in the hand-only condition only
the hand moved to the stimulus position while the eyes remained fixated on the fixation point;
in the eye-and-hand condition both eyes and hand moved to the stimulus position. Order of
conditions was balanced between subjects.

The same small target size stimulus as used in Experiment 1 was presented at 24 different target
positions. Eight possible target positions were equally spaced in the upper half of three
imaginary circles, respectively. 4.8°. 9.6° and 13.4° of visual angle away from the fixation dot.
which depicted the centre of the hypothetical circles. So. all target positions were presented in
the upper half of subject's visual field.
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Identical to Experiment 1. only now subjects were required to move (eyes alone, hand alone,
or eyes and hand concurrently) as quickly as possible to only a small target stimulus.

. //am/-movemem and Corre/a/iVwia/ anu/v.sw were identical to Experiment I.

Results

/?7s Figure 3 shows mean RT latencies of eye and hand movements in single- and dual-task
conditions. Saccadic eye RTs were significantly shorter than hand RTs (232 and 335 ms,
respectively. [F(l.l 1) = 133,/? < .0001], No main effect was found for task-condition. F ( l , l l )
< 1. Importantly, the movement by task type interaction was significant | / \ ( l . l 1) 11. /> <
.008]. Paired, two-tailed, t-tests, revealed the interference effect, i.e. significant longer eye RT
latencies in the dual-task condition than in the single-task condition. 241 und 224 ms.
respectively [71(11) = 2.37, /J <.O4]. RTs of the hand were significantly longer in the single-task
condition than in the dual-task condition, 343 and 326 ms, respectively [71(11) - 3.16, /> <,01],

Smgl*
TMkCondtton

Figure 3. Mean RT latencies (ms) of eye and hand aiming responses in
single- and dual-task conditions to 24 possible target positions
(Experiment 2). Saccadic eye RT latencies are longer in the dual-task
condition than in the single-task condition.

Corre7a//ons. Very variable correlations were found for subjects on a trial by trial basis between
saccadic eye and hand RT latencies in the dual-task condition, but only being significant for
4 subjects (p < .01) and ranging between -.19 and .90 (mean = .40, sd + .36).
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Discussion ,\:<k

Increasing the number of possible target positions to 24 resulted in a larger temporal separation
between eye and hand response onset than in Experiment 1, where only two target positions
were employed (113 ms versus 27 ms, respectively). Nevertheless, a robust interference effect
materialized. This finding is not consistent with the interpretation that the interference effect
is related to a specific temporal bottleneck, i.e. due to a sharing of limited available processes
at a specific point in time.

In the dual-task literature, converging evidence has been provided for the idea that the
most fundamental cause of interference is the selection of responses (see Pashler. 1992 for a
review). Experiment 3 was designed to investigate the response-selection bottleneck hypothesis
of the interference effect.

Experiment 3

Bekkcring et al.'s (1994) dual-task paradigm was used again and the same large visual target
stimulus was employed as in (heir Experiment I. The response-selection bottleneck hypothesis
was tested by providing subjects with advance information about where the target would appear.
Presumably, this procedure allows advance selection of the required responses a/id consequent)'
limits contribution of response-selection processes to the reaction time interval. Consistent with
this logic is the observation that advance information about target position considerably reduces
RT latencies of both eye (Abrams ct al., 1988; Findlay, 1992) and hand responses (Adam, 1994;
Rosenbaum, 1989). According to the response-selection bottleneck hypothesis, bypassing
response-selection processes by providing advance information, should eliminate the interference
effect.

An important procedural modification was introduced. That is, if subjects know both
where and when the stimulus is going to appear, eye movements can be produced that are
virtually in synchrony with the stimulus onset (e.g., Saslow, 1967). For this reason the stimulus
appeared randomly in a time period between 1.5 and 2.5 s after presentation of the fixation
stimulus.

Materials and methods

Twelve right-hand preferent undergraduate (3 male and 9 female) students, (mean age 22 years),
participated as non-paid, voluntary, subjects. All had normal vision, and all were naive as to
the purpose of the experiment. They were drawn from the same pool as those in Experiment
1 and 2. but none had served previously.

Procedure. Design, £ye-movemenf and //am/-movemen/ ana/ysw were identical to Experiment
2.



// 39

Identical to Experiment 1 and 2. only now, a filled rectangle between 11° and 1*)° to the right
of the fixation dot - similar to the one used in the Bckkcring et al.,"s paper (1994) - was
presented in Experiment 3.

Results • •

Figure 4 shows mean RT of eye and hand movements in single and dual-task conditions. No
main effects were found either for type of movement [eye wr.vw.v hand, /•'( 1,11) - 1 j, or for tusk
condition [single »wmv dual, / • ' ( l . l l ) = 2.2,/> > .15). Importantly, no interaction effect was
found between type of movement and task condition. [/•'(I.I 1) = 1.19. /> * .25). indicating the
absence of the interference effect.

230

Singl*
Tiftk Condition

Figure 4. Mean RT latencies (ms) of eye and hand aiming responses in
single- and dual-task conditions when subjects have advance
information about target position (Experiment 3) Saccadic eye RT
latencies are not significant different in single- and dual-task
conditions.

Corre/a//o«s. Eight of the 12 subjects showed highly significant correlations between eye and
hand RT latencies in the dual-task condition, [/? < .01, (mean = .57, sd + .32)].

Discussion

The fact that the interference effect disappeared when subjects knew in advance where the
target would appear strongly implicates mechanisms concerned with response-selection as the
source of the interference effect. This conclusion is consistent with a growing body of evidence
demonstrating processes associated with response selection to be responsible for dual-task
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performance decrements (see also Pashler, 1992 for a review). s-
An interesting finding was that eye and hand RTs were not reliably different. A possible

interpretation of this outcome is that when subjects know in advance where to point they are
able to select the two responses as one unit, i.e., chunk their output and consequently produce
similar RT latencies in single-task and dual-task conditions.

The goal of the last Experiment was to provide a further test of the response-selection
bottleneck hypothesis of the interference effect. •

Experiment 4

Several researchers have pointed out that saccades can be generated by two different neural
pathways. One system originates in the Superior Colliculus (SC) and the other in the frontal eye
fields (FF.F) and associated frontal structures. The SC pathway is generally regarded as being
critical in "reflexive" eye movements (e.g., Frens & Erkclens, 1991; Pashler et al 1993; Wurtz
& Goldberg, 1972). In contrast, the FF1F pathway seems to be critical for cognitively driven
saccades which presumably require mechanisms concerned with response selection. In the
present experiment, the response-selection bottleneck hypothesis was tested by employing highly
salient stimuli which were designed to trigger saccades via the SC pathway. According to the
response-selection bottleneck hypothesis, use of highly salient visual stimuli should make the
interference effect disappear.

Saliency was manipulated by increasing the contrast between the stimulus and the
background. This was accomplished by covering the digitizer with a black plate, while it was
transparent in previous experiments.

Materials and methods

Six right-hand preferent (undergraduate (4 male and 2 female) students, (mean age 25 years),
participated as non-paid, voluntary, subjects. All had normal vision, and all were naive as to
the purpose of the experiment. They were drawn from the same pool as those in Experiment
1. 2 and 3, but none had served previously.

D«".v/#«, £ye-mov<?/ne«/ and //an</-woveme»/ amj/ys/j were identical to Experiment

Identical to Experiment 1, only now, a black plastic plate covered the digitizer. An aperture of
30 * 25 cm was made in the middle of this plate. Depending on the size of the target in a
session, this aperture was covered by a second plate containing either two small holes equal to
the small stimuli of about .5°. or two large hole, equal to the large stimuli of 8°.
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Results and Discussion

Saccadic eye RTs were substantially shorter than hand RTs. [FT 1,5) = 11.8. / > < .02].
Additionally, subjects showed shorter RT latencies to large target stimuli than to small target
stimuli, [F(1.5) = 17.2,/? < .01). No main effect was found for type of task-condition. f \ l , 5 )
< 1, indicating similar RT latencies in single-task and dual-task conditions.

290

230
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i n
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t u n * .
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Figure S. Mean RT latencies (ms) of eye and hand aiming responses in
single- and dual-task conditions to salient stimuli (Experiment 4).
Saccadic eye RT latencies are not significant different in single- and
dual-task conditions.

of movement and task condition (F(l,5) = 12.18, p < .02]. However, t-tests indicated that this
interaction was not due to the interference effect for the eye response (there was no interference
effect) but due to a facilitative effect for hand responses in the dual-task condition relative to
the single-task condition. Whereas the last finding is hard to interpret, the absence of the
interference effect is in accordance with the response-selection bottleneck hypothesis. That is,
highly salient stimuli engage the "reflexive" SC pathway and thus preclude involvement of
response selection mechanisms. The absence of a three-way interaction between type of
movement, task condition and target size, F(l,5) < 1, indicated that the observed effects were
independent of target size.

Consistent with Experiment 2 it was found that the lengthening of RT latencies to small
target stimuli was more pronounced for hand movements (57 ms) than for eye movements (17
ms) [i.e., the effects of type of movement and size of target interacted; /•"( 1,5) = 18, p < .009].

Very strong correlations between saccadic eye and hand RT latencies in the
dual-task condition were found for responses to small target stimuli, [p'.v < .001 for 5 out of
6 subjects, (mean correlation = .74, sd + 19)]. However, more modest correlations were found
for responses to large target stimuli, [mean correlation = .59, sd + 17].
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General Discussion

Experiment I and 4 showed that size of the target is an important determinant of the temporal
order of eye and hand responses: Small target stimuli invoked the eye-first, hand-second
operation order, whereas large target stimuli invoked concurrent initiation of eye and hand
responses. The replication of the finding that eye and hand could be initiated concurrently when
responding to a large target stimulus provides strong evidence for our notion that 'The actual
movement order therefore may depend on the behavioural task involved...". (Bekkering et al .
1994, p. 475). Also this finding suggests that there is little reason to believe that information
delivered by the eye after moving to and foveating the target is essential for programming
ballistic, goal-directed limb movements. Rather, the spatial information used to program the eye
movement might also be used to program the primary hand movement. Secondary hand sub-
movements - correctional movements necessary to end within the target region - on the
contrary, depend heavily on the visual feedback provided by the eye (e.g., Abrams & Pratt,

Experiment 2 showed that target uncertainty is also an important determinant of the
temporal order of eye and hund responses. That is, employing 24 target locations prolonged
hand lutencics more thun eye latencies. Consequently, a large temporal gap between onset of
eye and hand movement was observed.

Experiments 1 and 2 showed robust interference effects for eye movements when accompanied
by a goal-directed hand movement independent of the temporal order operation of eye and
hand. This outcome conflicts with the notion that the interference effect is related to the
temporal organization of eye and hand responses, i.e.. due to a specific temporal bottleneck of
sharing limited available processes at a specific point in time.

Experiment 3 showed that the interference effect was absent when subjects knew in
advance where the target would appear, indicating processes concerned with response selection
as a possible source of the interference effect. Experiment 4 showed that "reflexive" generated
saccades, i.e. triggered by highly salient stimuli do not produce the interference effect. This
outcome is in accordance with the response-selection bottleneck hypothesis of the interference
effect.

M-MW/iAv.v/Wojjica/ i'n/t'r/»¥/afion.v. Two possible neurophysiological interpretations of
the interference effect are possible. First, there is accumulating evidence indicating that two
distinct pathways from the visual cortex to the oculomotor system are used for the generation
of saccades. i.e.. the SC pathway and the FEF pathway. Possibly, performing a second goal-
directed task may tend to inhibit the use of the more "reflexive" SC pathway and elicit the more
cognitive oriented FEF pathway. Consistent with this interpretation is Pashler's (1993) argument
that bottleneck-dependent processes may "..just be the operations that are carried out by the
FEF." (p.79). Only when the response-selection mechanisms can be preset (advance target
position information, Experiment 3) or by-passed (highly salient stimuli. Experiment 4).
saccades might be generated by the "reflexive" SC pathway, precluding the interference effect
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to materialize. ' " "
However, a second interpretation is provided by other researchers (e.g.. Brooks, 1986;

Miall et ah. 1987, 1993; Stein, 1986). They argue that eye and hand responses have to be
coordinated at higher control levels during reaching to a single visual target The cerebellum is
a likely candidate for such a coordination control centre. Recently, Brown and colleagues
(1993) examined the initiation of eye and arm movements in patients with mild cerebellur ataxia
in a discrete step-tracking task. They found that when only the eyes were required to track a
target, saccadic latencies were unaffected by cerebellar dysfunction. However, in the dual-task
condition cerebellar patients showed increased saccadic latencies compared to control values.
They maintained that the cerebellum may not be required for the generation of saccadic eye
movements, but that it does play an important role in the initiation of concurrent eye and hand
movement responses. It could be speculated that this coordination component, play u role in the
occurrence of the interference effect.

Degree o/covar/'a/ion

Across experiments, correlations between eye and hand latencies varied dramatically and no
consistent pattern could be identified. For instance, the finding in Experiment 1 of stronger
correlations for small than for large target stimuli, could have indicated that higher accuracy
demands on the responses might have lead to a tighter coupling between the two motor systems.
However, the finding of more modest correlations in Experiment 2 where subjects had to
respond to 24 target positions, clearly contradicted this hypothesis. This lack of consistency and
also the high variability between subjects within the same experiment suggests that correlation
values between eye and hand RT latencies may be non-informative. The processes in the human
nervous system that immediately precede and allow for the execution of movement responses
may contain a deliberate random element (Carpenter, 1988). Carpenter's motivation for
postulating such a deliberate degree of variability in the operation of central processes of eye
movements is that it prevents responses from becoming too stereotyped, a strategy which could
be related to the process of deciding whether in fact there is a target, and if so, whether it is
HW//I looking at (Carpenter, 1988). Thus, the widely differing correlations reported within and
between many other studies (see also Bekkering et al., 1994), leaves some serious doubts about
the usefulness of a correlational approach in the study of eye-hand coordination when pointing
to a visual target.
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The gap effect for eye and hand movements*

Summary

A temporal gap between fixation point offset and stimulus onset results in shorter saccadic
latencies than keeping the fixation stimulus on. Several researchers have explored the extent to
which the gap also reduces latencies of other responses but have failed to find a gap effect
isolated from general warning effects. Experiment 1, however, shows a robust gup effect for
aimed hand movements, independent of whether the hand moved alone or was accompanied by
a saccadic eye movement. Experiment 2, replicates this aimed hand gap effect and also shows
a small effect for choice manual keypress responses. Experiment 3, shows no gup effect for
simple manual keypress responses. The results are consistent with an interpretation of the gap
effect in terms of facilitation of spatial oriented responses.

Introduction

Coordination between the oculomotor and manual motor systems is essential for successful
interaction with our daily environment. However, a great deal of our knowledge about the
control of these motor systems is based on results of experiments in which these systems have
been studied separately. There is, however, some evidence from studies that required concurrent
eye and hand movements that the oculomotor and manual motor systems are interrelated during
the production of goal-directed movements to a visual target (e.g., Abrams, Meyer & Kornblum,
1990; Bekkering, Adam, Kingma, Huson & Whiting, 1994; Bekkering, Abrams, & Pratt, under
review; Nemire & Bridgeman, 1987). One useful approach to examine the relation between
oculomotor and manual motor systems is to examine eye and hand movements using a
paradigm that has been successfully applied to one of the motor systems. The present study was
designed to explore the "gap effect" - a temporal gap between the fixation point offset and
stimulus onset (known to have a robust influence on the oculomotor system) on eye and hand
responses.

77u? "gap e#ecf"

A temporal gap between the offset of a fixation point and the onset of a target stimulus results
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in shorter saccadic latencies than if the Fixation point remains visible (e.g. Fischer &
Ramspcrgcr; 1984; Reulen, 1984a, 1984b; Reuter-Lorenz, Hughes & Fendrich, 1991; Saslow,
1967). The reduced latencies produced by the advance offset of fixation have been referred to
as the "gap effect", and they represent an enhanced ability to initiate saccades beyond the mere
warning benefits provided by the fixation offset. The effect appears to be most effective if the
blank interval between fixation offset and target onset is approximately 200 ms. The saccadic
latency reduction produced by the temporal gap has been attributed to covert attentional
processes (e.g., Fischer, 1987), overt orienting processes (e.g., Kingstone & Klein, 1993a;
Kingstonc & Klein, 1993b; Reutcr-l.orcnz. et al., 1991), facilitated sensory processing (e.g.,
Rculcn, 1984), and oculomotor readiness (Saslow, 1967). Several researchers have examined
the extent to which the gap effect reduces latencies of choice manual keypress responses.
Iwasaki (1990) and I am & Stclmach (1993) found evidence of a gap effect with choice manual
keypress responses. Importantly, however, these studies did not include an auditory warning
(one that coincided with the visual fixation offset. Without an auditory warning tone, it is
difficult to determine whether the reduced latencies were due to the gap effect or rather to a
generalized warning effect provided by the offset of the fixation point (e.g.. Tarn & Stelmach.
1993). Using a paradigm that included such an auditory warning tone, Reuter-Lorenz et al.,
(1991) did not find a gap effect for choice manual keypress responses. Tarn & Ono (1994) also
did not find a gap effect with choice manual keypress responses (even without a warning tone).
Thus, the evidence available so tar indicates that fixation offset does not benefit the manual
motor system unrelated to general warning effects.

As noted above, previous researchers examining manual gap effects all have used choice
keypress responses (Iwasaki, 1990; Reuter-Lorenz. et al., 1991; Tarn & Ono, 1994; Tarn &
Stelmach, 1993). However, saccades and keypress responses differ in two important ways. The
first is that saccades are aimed, target-directed, spatially-oriented responses whereas keypresses
are not. That is, subjects making a saccadic response must localize the target in space and
produce an aimed response toward the target. On the other hand, with keypress responses,
subjects typically have their fingers already placed on the keys, and they need to simply press
the correct key upon receipt of the target signal. The other difference between eye movements
and keypresses is that saccades arc mutually exclusive: one can make either a saccade to the
left or to the right but one cannot produce a saccade to go simultaneously to the left and right.
Keypress responses are not mutually exclusive: one can easily press two keys simultaneously.
These differences in the movements may reflect fundamental differences in the processes
involved in planning and producing them. It may be that all aimed, mutually exclusive,
spatially-oriented movements are sensitive to the gap effect. If so. then advance offset of
fixation (i.e.. a gap) might facilitate aimed hand movements. Alternatively, it is possible that
the gap effect is strictly an oculomotor phenomenon. In that case, even hand movements that
were spatially-oriented would be expected to be unaffected by a gap.

Experiment 1

In this experiment, we explored the gap effect for manual responses. We used a manual
response - a hand pointing movement- as similar as possible to a saccadic response. Pointing
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responses are spatially-oriented, aimed, and mutually exclusive. In the present experiment,
subjects either made aimed hand responses, saccadic eye movement responses, or both hand
pointing and saccadic responses to a peripheral target (similar to the methodology of Bekkering
et al., 1994). By using such a design, we sought to: (1) replicate the gap etYect when only
saccade responses were required. (2) determine if the gap effect exists for hand pointing
responses, and (3) determine the impact, if any. of simultaneous eye and hand movements on
the gap effect. To control for the general warning benefits provided by the offset of the fixation
point, an auditory warning tone was always presented prior to the presentation of the target
stimulus.

Method

Twelve Washington University (St. Louis, MO) students participated in an eighty-minute
session. All subjects were right-handed, did not wear corrective lenses, und were naive with
respect to the purpose of the study. Each subject was paid $10 for their participation.

An IBM PC-AT computer controlled the presentation of stimuli and the acquisition of data
throughout the experiment. The subject was seated at a table in a dark room with his/her eyes
38 cm from a cathode-ray-tube (CRT) display. The subject's head was fixed by means of a
dental-impression plate. The left eye was occluded, and the position of the right-eye was
monitored with a scleral-reflectance device (Applied Science Laboratories, Model 210) mounted
on a spectacles frame. The analog output from the eye-movement monitor was digitized at a
rate of 1000 Hz with a resolution of 0.05 degrees. Calibration of the monitor was accomplished
by taking samples while the subject fixated at each of 5 evenly spaced points across the CRT.
Eye position was computed by using piecewise linear interpolation of the calibration points.
Calibration was performed at the beginning of each session and verified before each trial. The
subject's right elbow rested on a padded support on the table in front of him/her. They
produced pointing movements by means of a handle which was mounted directly in front of
and below the CRT. The handle, which was grasped in the right hand, moved from side to side
along a low-friction track. A precision potentiometer attached to the track provided an analog
signal indicating the position of the handle. This signal was digitized at a rate of 1000 Hz
during the critical portions of each trial. A cardboard shield prevented the subjects from
viewing their hand or the handle.

The sequence of events on a trial is presented in Figure 1. At the beginning of each trial,
subjects moved the handle so that it was aligned with a plus-sign at 0 degrees (straight ahead).
In order to facilitate this alignment, a small cursor appeared on the screen and moved in
correspondence with the handle. Subjects were also required to fixate on the plus-sign.
Following both the alignment of the handle and successful fixation, the plus-sign changed to



so
a dot and the cursor was removed. Five hundred ms later, an auditory warning signal was
presented for 50 ms. In the gap condition, the dot was removed coincident with the offset of
the warning signal. After an interval of 200 ms (the "gap"), a peripheral target then appeared
either 10 degrees to the right or left of fixation. In the overlap condition, the dot remained
visible for the 200 ms interval following the warning tone offset, followed by the appearance
of the target (in the same manner as in the gap condition). In both conditions the target dot
remained visible until the end of the trial. In the overlap condition, the fixation dot also
remained visible until the end of the trial.

500 ms

200 ms

Gap

Target

Figure 1. Sequence of events used in the present experiments. See the
text for details.

Three different types of responses were studied: In the look-only condition, subjects made
saccadic eye movements to the target but did not move the handle from the fixation location.
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In the point-only condition, subjects moved the handle to the target but were not permitted to
move their eyes from the fixation location. In the look-and-point condition, subjects moved both
their eyes and the handle to the target. Subjects were instructed to make all of their responses
as quickly and as accurately as possible. Eyes and hands were monitored in all conditions to
ensure that subjects only made the response appropriate to the condition.

Subjects served in 2 blocks of SO trials each for all 3 response conditions (look-only,
point-only, look-and-point). The order of conditions was counterbalanced between subjects. In
each block there were 25 gap and 25 overlap trials randomly presented. Targets were equally
likely to appear to the right or left of fixation. •

Results

For purposes of the analysis, the conditions which required a single response (look-only und
point-only) were termed single-task while the look-and-point condition was termed dual-task.
Latencies of eye and hand responses were analyzed using a 2 (task: single or dual) by 2
(response: eye or hand) by 2 (trial type: gap or overlap) by 2 (target: righl or left) ANOVA.
These data appear in Figure 2 (collapsed over targets). Overall, eye movements were initiated
sooner than hand movements (F(l,l 1) = 59, p < .0001).

380

TrMTyp.
No-dtp

Figure 2. Mean latencies (ms) of saccadic eye and aimed hand
movements in gap and overlap trials (Experiment 1). A robust gap
effect is demonstrated for both eye and hand responses.

Importantly, a main effect was found for trial type (F(l,l1) = 34, /? < .0001), with gap trials
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ms) faster than overlap trials (m=3l6 ms). The task by trial type interaction was not
significant (AY 1.1 1) < 1.3, p > .27), indicating that the gap effect did not differ between the
single- and dual-task conditions. However, the response by trial type interaction was significant
(ATf 1.11) = 11, p < .005), with the gap effect being larger for eye movements (m=42 ms) than
for hand movements (m=25 ms).

In order to further examine the gap effect, separate 2 (task) by 2 (trial type) by 2
(target) ANOVAs were conducted for eye and hand responses. The eye analysis revealed a
significant gap effect (AY 1,11) = 38,/? < .0001) and that responses in the dual task were slower
than those in the single task (AY 1.11) = 8.0, p < .02). The ta.sk by trial type interaction was not
significant (/(1,11) - I). The hand analysis also revealed a significant gap effect ( F ( l , l l ) =
20, p «~ .001) but no main effect for task (AY 1,11) < 1) nor task by trial type interaction

l . 2 . p > .3).

Discussion

The results of Experiment 1 clearly demonstrate that the gap effect facilitates the initiation of
StCCtdic eye movements as well as the initiation of hand pointing movements. Moreover, the
gap effect for hand movements was independent of the occurrence of eye movements. It seems
unlikely thut the gap effect found in this experiment can be solely attributed to a general
wurning effect of the visual offset because an auditory warning signal was presented 200 ms
before the presentation of the target for both gap and overlap conditions. Thus, it appears that
the gap effect is not limited to the oculomotor system. Additionally, hand latencies were not
affected by simultaneous eye movements whereas eye latencies were detrimentally affected by
simultaneous hand movements. This pattern of results replicates the previous findings of
Bckkcring et al., (1994) who also found an augmentation of eye latencies in a look-and-point
condition compared to a look-only condition.

The size of the gap effect for both the eye and hand responses was unaffected by the
presence or absence of simultaneous movement of the other system.

Experiment 2

The finding of a gap effect for hand pointing movements is in contrast to previous reports that
have failed to find gap effects in the manual motor system. However, as noted earlier, these
previous studies did not employ hand pointing movements but rather choice keypress responses.
It may be that the gap effect only influences responses that are spatially oriented and mutually
exclusive. In order to examine that possibility we studied a choice keypress response in the
present experiment, in addition to the pointing movement from Experiment 1.

Methods

Twelve Washington University (St. Louis, MO) students participated in a fifty-minute session.
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All subjects were right-handed, did not wear corrective lenses, and were naive with respect to
the purpose of the study. Each subject was paid $7 for their participation. None had participated
in the previous experiment.

ana"

The apparatus and procedure was identical to Experiment 1. Two conditions were used in
Experiment 2. One condition was the point-only condition from Experiment 1. In the other
condition, the choice condition, subjects were required to press the "z" key with their left hund
in response to a target to the left of fixation and the "/" key with their right hand for a target
to the right of fixation. Subjects were instructed to respond to the peripheral stimulus as quickly
and as accurately as possible. The subjects eyes were monitored in both conditions to ensure
that they did not look away from the fixation location.

Subjects served in 2 blocks of SO trials each for both conditions. Each condition included 25
gap and 25 overlap trials randomly presented. The order of conditions was completely
counterbalanced between subjects. Targets were equally likely to appear to the left or right of
fixation.

Results

Figure 3 shows latencies of aimed hand movements and choice manual keypress responses in
gap and overlap trials (collapsed over target). The data were analyzed using a 2 (condition:
point-only or choice) by 2 (trial type: gap or overlap) by 2 (target: right or left) ANOVA.

370
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Figure 3. Mean latencies (ms) of aimed hand movements and choice
manual keypress responses in gap and overlap trials (Experiment 2). A
robust gap effect is demonstrated for hand responses and a small but
reliable gap effect for choice manual keypress responses
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Overall, no difference in latencies were found between the point-only and choice
conditions (F(l,l 1) < 3.25, p > .09). A main effect for trial type was found (F(l,l 1) = 33, p
< .0001), indicating a significant gap effect A significant condition by trial type interaction
(F(l,l 1) = 15, p <" .003) was found with the gap effect in the point-only condition (m=24 ms)
larger than in the choice condition (m=l 1 ms). Paired, two-tailed t-tests indicated that there was
a significant gap effect for both the point-only condition (71(11) = 5.98, p < .0001) and the
choice condition (7K11) = 3.37, p < .006).

DUcuiilon

Two major findings emerged from Experiment 2. First, a significant gap effect was again found
for hand pointing movements, replicating the results from Experiment I. Second, a smaller but
significant gap effect was found for choice keypress responses. These two findings further
suggest that the gap effect is not strictly an oculomotor phenomenon. However, the second
result also suggests that mutually exclusive response alternatives are not necessary for a gap
effect to occur. The finding of a gap effect for choice keypress responses opens the possibility
that the reduced keypress latencies found by Iwasaki (1990) and Tarn and Stclmach (1993)
might not have been solely due to a generalized warning effect of a visual fixation offset, but
instead muy reflect u true gap effect. In the present experiments, the warning benefits of
fixation offset were presumably also provided by the tone that was presented on all trials. As
a result, we have assumed that any gap effect observed must reflect processes other than those
involved in general alertness and warning effects. Nevertheless, it is possible that the warning
available on gap trials (fixation offset plus tone) exceeded the warning benefits of the tone
alone presented on the overlap trials. In order to examine this possibility, a third experiment
was conducted.

Experiment 3

To test the possibility that the fixation offset served as a warning signal above and beyond the
auditory warning signal. Experiment 3 compared choice keypress responses and simple keypress
responses. If the visual offset does provide an additional warning benefit, then reduced latencies
should be found in the gap condition for any response— including both types of keypress
responses studied here.

Methods

Sixteen Washington University (St. Louis, MO) students participated in a fifty-minute session.
All subjects were right-handed, did not wear corrective lenses, and were naive with respect to
the purpose of the study. Each subject was paid $7 for their participation. None had taken part
in the previous experiments.
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The apparatus and procedure were identical to Experiment 1. Two conditions were used in
Experiment 3. One condition was the choice condition from Experiment 2. In the other
condition, the simple condition, subjects were required to press the spacebar with their right
hand when the target appeared (regardless of the location of the target). Subjects were instructed
to respond to the target stimulus as quickly and accurately as possible. The subject's eyes were
monitored to ensure that they did not look away from the fixation location.

Subjects served in 2 blocks of 50 trials each for both conditions. Each condition included 25
gap and 25 overlap trials randomly presented. The order of conditions was counterbalanced
between subjects. Targets were equally likely to appear to the left and right of fixation.

Results

The latencies for the choice and simple conditions appear in Figure 4 (collapsed over target).
The RTs were analyzed using a 2 (condition: choice or simple) by 2 (trial type, gap or overlap)
by 2 (target: right or left) ANOVA.

300
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Figurr 4. Mean latencies (ms) of choice manual keypress responses

and simple manual keypress responses in gap and overlap trials

(Experiment 3). A small but reliable gap effect is demonstrated for

choice manual keypress responses and no gap effect at all for simple

manual keypress responses.

Overall, a main effect for condition was found (F(l,15) = 8.6,/7 < .01) with responses
in the choice condition (m = 333 ms) slower than in the simple condition (m = 299 ms). No
main effect for trial type was found (F(l,15) < 1). However, there was a significant condition
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by trial type interaction (F(l,15) =• 5.3, /? < .05) indicating a small gap effect for the choice
condition (6.3 ms) and none for the simple condition (-4.3 ms). Two-tailed, paired t-tests
confirmed a significant gap effect in the choice condition (7T15) = 2.2, p < .05) but not in the
simple condition (7(15) < I).

Ditcuiiion

II the gup effect found in the previous experiments was due to some general warning benefit
provided by the fixation offset, then both choice and simple conditions should have exhibited
gap effects. This was not the case, as only the choice condition showed a small but significant
gup effect. Thus, it appears that only responses that have some goal-directed component exhibit
gup effects. Although a choice keypress response has only a minimal goal-directed requirement
(no precise localization of the target is required), a decision still has to be made with regard to
direction. It appears that this minimum requirement of goal-directness is critical for the gap
effect in manual responses.

General discussion

The results of the present experiments shed some new light on the mechanisms underlying the
gap effect. In particular, the gap effects for hand pointing movements in Experiments 1 and 2
indicate that the facilitatory effect of fixation offset cannot be attributed to processes exclusively
within the oculomotor system. Moreover, the absence of a gap effect for simple manual
keypress responses appears inconsistent with views that attribute the gap effect to attentional
disengagement (e.g., Fischer 1987; Fischer & Breitmeyer, 1987; Mayfrank et al., 1986).
Attentionul effects presumably occur early in visual processing (e.g., Hawkins, Shafto, &
Richardson, 1988) and are therefore likely to facilitate any type of response (e.g., Posner, 1980;
Posncr, Nissen, & Ogden, 1978; Reuter-Lorenz, et al., 1991). Additionally, the absence of a gap
effect for simple manual keypress responses suggests that the gap effect is not solely a general
warning or preparation effect (e.g., Kingstone & Klein, 1993a; 1993b; Ross & Ross, 1980;
1981).

The present findings further indicate that the nature of the response modulates the size
of the gap effect. The gap effect was smallest for choice keypress responses, larger for hand
pointing, and largest for saccadic eye movements. It is possible that the more precise the spatial
requirements of the response the greater facilitation provided by a fixation offset. The only
response that was not spatial in nature, the simple keypress responses from Experiment 3, was
the only response for which a gap effect was not found.

The question of why we found significant gap effects in choice keypresses responses
while others had not is not clear. The present results suggest that the facilitated choice keypress
latencies found with fixation offsets by Iwasaki (1990) and Tarn & Stelmach (1993) may have
been due to the gap effect or a warning signal effect. However, Reuter-Lorenz et aJ. (1991)
and lam & Ono (1994) failed to find any facilitation with a fixation offset for keypress
response latencies. Nevertheless, a close inspection of the Reuter-Lorenz et al.. (1991) and Tarn
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& Ono (1994) data reveals faster choice RTs with fixation oflset in both studies, although these
facilitatory effects were not statistically significant. Both studies used relatively small numbers
of subjects; five subjects in Experiment 1 of Reuter-Lorenz et al..(1991) and five subjects each
in Experiments 2 and 3 of Tarn & Ono (1994). It may be that the relatively small number of
subjects rendered these studies somewhat less sensitive to gap effects. Supporting this notion
is the fact that the choice keypress latencies in Experiment 2 of Tarn & Ono (1994) were 17
ms faster with a fixation offset, an effect size larger than the two significant choice keypress
gap effects found in the present study using 12 subjects each (11 ms and 6.3 ms).

CO///CW/MS /n fA

There is accumulating neurophysiological evidence that the superior colliculus (SC) forms port
of a system that facilitates active visual fixation (e.g., Munoz & Wurtz. 1992) and that the SC
is essential for the generation of short latency saccades that are produced in the gup paradigm
(e.g., Munoz & Wurtz. 1992; Schiller, Sandell & Maunsell, 1987). Additionally. Goldberg,
Bushnell, and Bruce (1986) demonstrated that the threshold needed to elicit a saccadc from the
SC increases during active fixation. The contribution of the SC to the gap-effect is also
consistent with the finding that the facilitatory effect appears to be limited to prosaccadc, not
anti-saccade. latencies. This is because the SC does not appear to control other responses than
saccadic eye movements toward a desired object (e.g., Reuter-Lorenz, ct al., 1991).

At first, the present findings of an aimed hand gap effect seems to be in conflict with
the SC interpretation of the gap effect. However, Werner (1993) has recently reported neuronal
activity in the primate SC before and during arm movements to visual targets. Werner (1993)
further noted that "It is likely that the primate superior colliculus is not only involved in the
initiation and control of orienting movements of the eyes but also in reaching movements of
the arms." (p. 335). It might be that the SC is involved in all types of orienting movements
towards external targets because it receives convergent input from visual, auditory and
somatosensory cortical areas. Consistent with this interpretation is the finding that projections
have been found from the arm representation area of motor and premotor cortex to deep layers
of the SC (Fries, 1984; 1985).

Additional work will be needed to further elucidate the complex interrelations between
the various orienting and movement production systems, and the role that the SC may play in
those behaviours. We consider that the present study represents a step in that direction.
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5
The gap effect for spatially oriented responses'

Summary

A temporal gap between fixation point offset and stimulus onset results in shorter
latencies than if the fixation point remains on. Recently, a gap effect for aimed hand
movements was found independent of whether the hand moved alone or was accompanied by
a saccadic eye movement. However, no gap effect was found for simple keypress responses.
This may have been because spatially oriented eye and hand movements demand more complex
response-preparation processes as well as more complex response-execution processes than do
simple keypress responses. The present study manipulated target uncertainty to investigate
whether the gap effect for spatially oriented eye and hand movements is related to facilitation
of response-preparation processes or to response-execution processes. The finding of robust gap
effects for eye and aimed hand movement responses independent of response-preparation
mechanisms (i.e. target uncertainty) is consistent with an interpretation of the gap effect in
terms of facilitation of response-execution processes associated with spatially oriented eye and
hand movement responses.

Introduction

In order to interact effectively with the immediate environment, human beings must orient
themselves toward specific spatial locations. Reaching for the telephone, reading the newspaper,
indeed, almost every overt behaviour that human beings produce involves some kind of spatially
oriented behaviour. It has long been known that advance offset of a visual fixation point
facilitates initiation of oriented, saccadic eye movements to peripherally presented visual target
stimuli (Saslow, 1967). This robust finding of reduced eye latencies in case of a temporal gap
between fixation point offset and stimulus onset has been referred to as the "gap effect". The
gap effect appears to be most effective when the blank interval between fixation offset and
target onset is approximately 200 ms.

The saccadic latency reduction produced by the temporal gap has been attributed to
covert attentional processes (e.g., Fischer, 1987). facilitated sensory processing (e.g., Reulen.
1984a: 1984b). and oculomotor readiness (Saslow. 1967). Recently, an explanation of the gap
effect has been advanced in terms of overt oculomotor processes effect (Kingstone & Klein,
1993a. 1993b. Reuter-Lorenz et al.. 1991; Tarn & Stelmach, 1993; Tarn & Ono, 1994). This

" Submitted to Acta Psychologies. Co-authors: J. Pratt, J.J. Adam and R.A. Abrams.
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interpretation assumes that during eye fixation the oculomotor system is effectively locked or
engaged on the fixation target and that voluntary shifts of fixation and reflexive glances toward
novel objects are inhibited (e.g., Guitton et al., 1985). Extinguishing the fixation point facilitates
saccadic latencies by breaking the processes that maintain the eye directed at the fixation point.
However. Bckkcring, Pratt and Abrams (under review) found that the gap effect also facilitates
the initiation of hand pointing movements. Importantly, the hand gap effect was also found in
a condition where subjects were not permitted to move the eyes from the fixation location.
Thus, it appears that the gap effect is not limited to the oculomotor system.

Interestingly, no gap effect was found for simple key press responses by Bekkering et
al. (under review). In the simple keypress condition, there was only one key which subjects had
to press upon receipt of the target stimulus. Saccadic eye and aimed hand movements, on the
other hand, demand at least two additional components. First, subjects localized the correct
target position in space and. subsequently, prepared the response in order to look and/or point
to the target. Second, subjects executed the response toward the target location. This may
suggest thut the occurrence of the gap effect is cither related to more complex response-
preparation processes or to more complex response-execution processes. By response
preparation, we mean the decisions that a person needs to make in order to specify features such
as amplitude and direction of the upcoming movement. There is ample evidence that at least
some of these parameters of a response can be specified in advance of the imperative signal
(Abrams & Jonidcs, 1988; Rosenbaum, 1980). By response exection we mean the processes
associated with actually executing the motor program-sending the commands to the muscles
to produce the planned movement. These are the processes that would be involved in producing
force pulses in eye and hand muscles of the precise magnitude and duration in order to move
the eye or limb to the desired target (e.g., Abrams, Meyer, & Kornblum. 1989; Meyer, Smith,
Whright. 1982).

One way to differentiate between a response-preparation versus a response-execution
locus of the gap effect is to manipulate target uncertainty. Certainty about target location was
manipulated in the present experiment by having the peripheral target appear randomly to the
left or right of fixation (uncertain condition) or by having the subjects know in advance where
the target would appear (certain condition). If subjects know in advance where the target would
appear, then they should be able to prepare the response in advance of the latency interval. If
the gap effect typically reduces saccade latencies by facilitation response preparation processes,
then the gap effect should be dramatically reduced if subjects are aware of the target location
in advance. However, if the gap effect is due to facilitated response execution processes, then
the gap effect should be the same magnitude regardless of the certainty of the upcoming target
location.

Thus, response-preparation processes were reduced in the certain condition relative to
the uncertain condition, while response-execution processes were similar in both conditions.
Subjects were required to move their eye and hand alone or concurrently towards the target in
order to investigate the impact of the target uncertainty manipulation separately for the two
motor systems.

Method
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Twelve Washington University (St. Louis, MO) students participated in an eighty-minute
session, 6 in the uncertain condition and 6 in the certain condition. All subjects were
right-handed, did not wear corrective lenses, and were naive with respect to the purpose of the
study. Each subject was paid $10 for their participation.

An IBM PC-AT computer controlled the presentation of stimuli and the acquisition of data
throughout the experiment. The subject was seated at a table in a dark room with his/her eyes
38 cm from a cathode-ray-tube (CRT) display. The subject's head was fixed by means of a
dental-impression plate. The left eye was occluded, and the position of the right-eye was
monitored with a scleral-reflectance device (Applied Science Laboratories. Model 210) mounted
on a spectacles frame. The analog output from the eye-movement monitor was digitized at a
rate of 1000 Hz with a resolution of 0.05 degrees. Calibration of the monitor was accomplished
by taking samples while the subject fixated at each of 5 evenly spaced points across the CRT.
Eye position was computed by using piecewise linear interpolation of the calibration points.
Calibration was performed at the beginning of each session and verified before each trial. The
subject's right elbow rested on a padded support on the table in front of him/her. Subjects
produced pointing movements by means of a handle which was mounted directly in front of
and below the CRT. The handle, which was grasped in the right hand, moved from side to side
along a low-friction track. A precision potentiometer attached to the track provided an analog
signal indicating the position of the handle. This signal was digitized at a rate of 1000 Hz
during the critical portions of each trial. A cardboard shield prevented the subjects from
viewing their hand or the handle.

The sequence of events on a trial is presented in Figure 1. At the beginning of each trial,
subjects moved the handle so that it was aligned with a plus-sign at 0 degrees (straight ahead).
In order to facilitate this alignment, a small cursor appeared on the screen and moved in
correspondence with the handle. Subjects were also required to fixate on the plus-sign.
Following both the alignment of the handle and successful fixation, the plus-sign changed to
a dot and the cursor was removed. Five hundred ms later, an auditory warning signal was
presented for 50 ms to control for the general warning benefits provided by the offset of the
fixation point. In the gap condition, the dot was removed coincident with the offset of the
warning signal. After an interval of 200 ms (the "gap"), a peripheral target appeared. In the
overlap condition, the dot remained visible for the 200 ms interval following the warning tone
offset, followed by the appearance of the target. In both conditions the target dot remained
visible until the end of the trial. In the overlap condition, the fixation dot also remained visible
until the end of the trial. The targets appeared either 10 degrees to the left or right of fixation.
In the uncertain condition the target appeared randomly at either location. In the certain
condition the target appeared at one location for the first half of the experiment and at the other
location for the second half of the experiment. Subjects in the certain condition were informed
about the target location in advance. However, catch trials were also presented to prevent
anticipatory eye and/or hand responses.
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500 ms

Overlap Gap

200 ms

Target

Figure I . Sequence of events used in the present experiments -
identical to Fig. I of Chapter 4. see the text for details.

Three different types of responses were studied: In the look-only condition, subjects made
saccadic eye movements to the target but did not move the handle from the fixation location.
In the point-only condition, subjects moved the handle to the target but were not permitted to
move their eyes from the fixation location. In the look-and-point condition, subjects moved both
their eyes and the handle to the target. Subjects were instructed to make all of their responses
as quickly and as accurately as possible. Hyes and hands were monitored in all conditions to
ensure that subjects only made the response appropriate to the condition.
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The subjects in the uncertain condition served in 2 blocks of 50 trials each for all 3 response
conditions (look-only, point-only, look-and-point). The order of conditions was counterbalanced
between subjects. In each block there were 25 gap and 25 overlap trials randomly presented.
Targets were equally likely to appear to the right or left of fixation.

The subjects of the certain condition served in 2 blocks of 70 trials each for all 3
response conditions (look-only, point-only, look-and-point). The order of conditions was
counterbalanced between subjects. In each block there were 25 gap trials. 25 overlap trials and
20 catch trials presented. In the catch trials no target stimulus was presented and subjects were
not allowed to move their eye or hand. A beep indicating an error was presented whenever a
subject moved his or her eye or hand on a catch-trial. Targets appeared in the first half of the
trials always either to the left or right of fixation and in the second half of the trials vice versa.
The order of left and right target presentation was counterbalanced between subjects.

Results

Latencies of eye and hand responses were analyzed using a split-plot analysis of variance
(ANOVA) with target uncertainty (choice or simple) as between subjects variable and task
(single or dual), response (eye or hand), and trial type (gap or overlap) as within subjects
variables. These data appear in Figure 2 for the uncertain and certain condition, collapsed over
task.
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Figure 2. Mean latencies (ms) of saccadic eye and aimed hand
movements and choice manual keypress responses in gap and overlap
trials for the uncertain condition - target stimuli appeared randomly to
the left or right of fixation - and for the certain condition - target
stimuli appeared in fixed blocks to the left or right of fixation. A
robust gap effect is demonstrated for eye and hand responses in both
conditions.



66 C/rqpter 5

Importantly, no significant difference was found for target uncertainty (F(2,IO) < I),
indicating similar latencies in the uncertain and certain condition. In addition, no significant
interactions between target uncertainty and the other factors (all p's > .05) were found,
indicating that target uncertainty had a similar influence on eye and hand responses, on gap and
overlap trials, and on single- and dual-task conditions. The only trend that was observed was
an interaction between target uncertainty and trial type (F,(2,10) = 3.3, p < .10, hinting that the
gap effect might be larger in the certain condition than in the uncertain condition. Overall
subjects inhibited their movements in 83 % of all catch-trials.

Overall, eye movements were initiated sooner than hand movements (F(2,10) = 40, /?
<• .0001). In addition, a main effect was found for trial type (F(2,10) = 41, p < .0001), with gap
trials (m=264 ms) faster than overlap trials (m=3O3 ms). The only other significant finding was
the movement by trial type interaction (F(2,10) = 13, /? < .004), indicating that the gap effect
was larger for eye movements (54 ms) than for hand movements (37 ms).

Discussion

The present results clearly corroborate our previous findings of gap effects for both saccadic
eye and aimed hand movements in case of randomly presented target stimuli. Thereby
indicating thai the gap effect occurs for aimed hand movements in addition to saccadic
responses (Bekkering et al.. under review). Moreover, in the present study, robust gap effects
were found for eye and hand responses when subjects knew in advance where the target would
appear. The finding of gap effects for eye and hand responses independent of complexity of
response-preparation mechanisms, i.e. target uncertainty, is consistent with a response-execution
interpretation of the gap effect. Thus, the gap effect is due at least partly to factors that
influence the execution of the response.

The notion that the gap effect may be due to response-execution processes may also
explain why Bekkering et al (under review) did not find such an effect with simple keypress
responses, a condition also with no response-uncertainty. Simple keypress responses do not
require a spatially directed response, whereas the looking and pointing in the present experiment
always required such a response, even when the location was completely certain. It appears that
response-execution processes involved with movements to spatially localized targets are
essential for reducing latencies with visual fixation offsets.

This latter conclusion is also consistent with the findings of several other researchers
who have studied the gap effect. For example, Fendrich, Hughes, and Reuter-Lorenz (1991)
found that advance olYset of fixation facilitated saccades to auditory target locations. Under
those conditions, there was no visible target, yet subjects were still required to produce spatially
oriented responses. Additionally, Abrams. Oonk. and Pratt (under review) have reported the
presence of a gap effect for endogenous saccadic eye movements—saccades directed toward a
pheripheral target, but signalled by a central signal.

However, the results of the present study also suggest that response-preparation
processes did have some influence on the magnitude of the gap effect. Figure 2 reaveals a trend
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towards larger gap effects in the certain condition than in the uncertain condition. It may have
been that because subjects in the certain condition knew what to do and where to go. they may
have been able to optimally prepare parameters for the execution of eye and hand responses in
the time between fixation offset and stimulus onset.

Thus, although the gap effect appears to be largerly due to response-execution processes,
it may also be influenced to a lesser extent by response-preparation processes.

Interestingly, eye and hand latencies in the certain condition were similar to those in the
uncertain condition, while typically, latencies of eye (Carpenter. 1988) and hand (e.g., Christina
et al., 1982; Sideaway 1991; Sideaway et al.. 1988) movements are shorter in the simple
condition than in the choice condition, i.e. simple and choice RTs. In the present experiment,
the RT latencies in the certain condition might have been prolonged due to the employment of
catch trials. Catch trials, i.e. trials in which the stimulus is not presented, were used to prevent
subjects from anticipation. A well known side-effect of catch-trials is that responses which
follow catch trials tend to be slower than those following target trials (e.g.. Juttner & Wolf,
1992; 1994; Kingstone & Klein. 1993). Consequently, latencies in the simple condition might
have been slower than typically observed.

In conclusion, the present study provides evidence for 3 main points. First, by
corroborating Bekkering et al. (1994), there is now converging evidence that the gap effect
occurs for both oculomotor and skeletal motor responses. Second, the results suggest that the
gap effect for eye and hand responses is largely due to response-execution processes. Finally,
the results suggest that response-preparation processes may have a small influence on the gap
effect. It is our hope that further work will determine the exact role of the various response-
execution and response-preparation processes that are present in the gap effect.
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Transfer of saccadic adaptation
to the manual motor system*

Summary

When a saccade target is shortened in amplitude during the eye movement towards it,
subjects will initially overshoot the displaced target and make secondary movements to
fixate it. Nevertheless, after a few trials the eye adapts and goes directly to the final
displaced target position. The aim of the present study was to examine whether hand
pointing will be influenced by saccadic adaptation. We found that pointing movements of
an unseen hand were shorter when the eye was adapted compared to when the eye wus
unadapted, thus demonstrating a transfer of the modification of the oculomotor system to
the manual motor system. These results have important implications for the mechanisms
that underlie goal-directed eye and hand movements. In particular, it seems that the two
systems may use a common signal to specify eye and arm localization.

Introduction

In order to reach for an object in their surroundings, an actor must transform the sensorial
information about the target into an appropriate set of commands for the muscles needed
to reach for or point to the object. This, of course, is needed in addition to an internal
representation of the location of our body and the objects around us (e.g., Blouin et al.,
1993; Flanders et al., 1992; Graaf de, 1994; Jeannerod, 1988; Paillard, 1991). Typically,
such a limb movement is accompanied by a saccadic eye movement (e.g., Abrams et al.,
1990; Bekkering et al., 1994; Biguer et al., 1982; Fischer & Roga), 1986; Mather & Fisk,
1985; Prablanc et al., 1986).

A considerable amount of work has been done regarding a possible common source
of spatial information for the skeletalmotor and oculomotor systems (e.g., Gielen ct al.,
1984; Nemire & Bridgeman, 1987; Prablanc et al., 1979). Despite this work, it is still not
clear whether hand and eye use two independent spatial representations to produce
movements, or whether eye and hand movements are controlled from a common source.
Gielen et al., (1984) found similar end positions for eye and arm movements, and
concluded that the program generators for the aim and eye movements share a common
command signal. Also, Nemire & Bridgeman (1987) found that manipulating the
oculomotor system independently from the manual system - in one condition subjects had

'Human Movement Science (in press). Co-authors: R.A. Abnms and J. Pratt.
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to make 40 saccadic eye movements before attempting to look and point where the target
disappeared, while in another condition they had to maintain Fixation for 20 sec following
target offset - resulted in similar changes in the output of both systems. However, Prablanc
et al., (1979), found that when the peripheral target was removed at the onset of the
faccade, there was no correlation between the error of gaze position and the error of hand
pointing.

The present study continues in this spirit, focusing on the change that may occur in
the output of one motor system as a consequence of a change in the output of the other
system. Specifically, we examined whether hand pointing is influenced by adaptive
modification of saccadic eye movements.

It is well known that displacing the target for a saccade during the eye movement
will eventually change the saccadic eye movement (e.g., Abrams et al., 1992; Deubel et
al., 1986; llcnson, 1978; t-'rens & Opstal van, in press; Mcl.aughlin 1967; McLaughlin et
al., 1968; Miller et al.. 1981). Typically, subjects will initially miss the displaced target
and then make secondary, corrective movements to fixate it. Interestingly, the eye soon
adapts and goes directly to the final displaced target position. The aim of this study is to
determine whether there is transfer of this eye adaptation to the skeletal motor system. In
order to examine this, the present experiment employed an adaptation paradigm similar to
thai used previously by us and others (e.g.. Abrams et al., 1992; Miller et al.. 1981;
Semmlow ct al., 1989) but with several modifications designed to enhance the amount of
eye adaptation and also to minimize the typical large standard errors of pointing measures.

Method

.Vw/yecf.v

Six Washington University (St. Louis. MO) students each served in four sessions on
separate days. Lvach session contained two blocks of trials of approximately 30 minutes
each with a break of at least 5 minutes between the blocks. All subjects were right-handed
and were naive with respect to the purpose of the study. Each subject was paid $30 for
their participation.

An IBM PC-AT computer controlled the presentation of stimuli and the acquisition of data
throughout the experiment. Each subject was seated at a table in a dark room with their
eyes 38 cm from a cathode-ray-tube (CRT) display. The subject's head was fixed by
means of a dental-impression plate. The left eye was occluded, and the position of the
right-eye was monitored with a scleral-reflectance device (Gulf & Western. Model 200)
mounted on a spectacles frame. The analog output from the eye-movement was digitized at
a rate of 1000 Hz with a resolution of 0.05°. Calibration of the monitor was done by
taking samples while the subject fixated at each of 5 evenly spaced points across the CRT.
Eye position was computed by using piecewise linear interpolation of the calibration
points. Calibration was performed at the beginning of each session and verified before
each trial. The subject's right elbow rested on a padded support on the table in front of
them, and they grasped a handle in their right hand. The handle was mounted directly in
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front of and below the CRT. Subjects moved the handle in order to make pointing
responses. A shield prevented the subjects from viewing their hand.

•:rf»

At the beginning of each trial, a small fixation cross and the target dot appeared cither at
8° or 10° to the right of the fixation cross - see text below and Fig. 1 for further
explanation - were simultaneously presented. Afterwards, subjects moved the handle to a
small fixation cross at 0° (straight ahead) with the aid of auditory stimuli controlled by the
computer. When the handle was at the appropriate starting position, subjects fixated the
cross, and then 1000 ms later the cross changed to a dot. indicating successful fixation.
One thousand ms later, the fixation dot disappeared, signalling subjects to make both a
saccadic eye movement and a hand pointing movement to the target. Subjects were
instructed to look and point to the target as accurately as possible but without pressure to
minimize their latencies.

Saccades and hand pointing movements were obtained on test trials in two phases
of the experiment: during either a block of control trials or a block of adaptation trials.
The sequence of events on each of these types of trials is shown in Figure 1.

USE.

Figure I. Sequence of events on trials in experiment. I»: Events in the
adaptation phase, the target jumped from 10 deg (to the right of
fixation) to 8 deg at the onset of eye movements. I b: Events in the
control phase, the target appeared and remained at 8 deg. Ic: Events on
test trials, the target appeared at 10 deg, but disappeared at the onset of
the eye movement.

In the control trials, subjects looked and pointed to a target 8° to the right of the fixation
location'. In the adaptation trials, subjects looked and pointed to a target 10° to the right

'The 8 degree control target was chosen so that even in the c u e of maximal adaptation, the movement! in
the control block were at least as soon as the movements in the adaptation blocks.
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of the fixation. However, in this phase the target jumped from 10° to 8° at the onset of the
eye movement (defined as the first moment in time at which the position of the eye
differed by more than 1.5° from its position during the first 10 ms after the offset of the
fixation point). The relatively small 2° jump was used to reduce the possibility that
subjects would notice the step (Bridgeman et al., 1975). In both the control and adaptation
trials, the target remained illuminated for 1000 ms. In the critical test trials, the target
appeared 10° to the right of fixation but disappeared at the onset of the saccade. Thus, in
the test trials, subjects received no retinal information regarding the accuracy of the eye
and the hand movements. Note that the test trials were the same regardless of whether they
followed the control or the adaptation trials. /..

At the first session, the subjects were first given 2 practice blocks, each consisting of 6
control trials und 6 test trials. All other sessions started with 1 practice block. Data from
these trials arc not included in the analysis. Following the practice sessions, subjects then
performed cither a control block, containing 24 control trials followed by 5 sequences each
consisting of 8 control trials and 4 test trials or an adaptation block, containing 24
adaptation trials followed by 5 sequences of 8 adaptation trials and 4 test trials. Thus,
subject received either a control block with 64 control trials and 20 test trials or an
adaptation block with 64 adaptation trials and 20 test trials. The order of control and
adaptation blocks over the sessions were balanced between subjects.

Because the aim of this study was to examine whether hand pointing is influenced by
saccudic adaptation, we conducted preliminary analyses to identify the three sessions with
the greatest amount of eye adaption for each subject*. We then subjected hand pointing
data from these sessions to the additional analyses described in the /te.vw/r.v section.

Results

Figure 2 shows the mean saccade amplitudes and hand pointing amplitudes from the test
trials after the control blocks and after the adaptation blocks, respectively.

' We selected three out of four sessions, because some subjects were not adapted in all four sessions.
However, all six subjects were adapted in at least three sessions, i.e. significant shorter eye movements in
test trials during the adaptation block than during the control block.
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F igure 2. Mean end positions (deg) of eye and hand movements in
test trials during the adaptation blocks and the control blocks. Doth eye
and hand movements are shorter following the control blocks.

Overall, amplitudes were shorter after the adaptation phase than after the control
phase, F(l,5) = 7.7, p < .04. There was no main effect found for type of movement (eye
versus hand), F( 1,5) = 2.9, p > .14. Additionally, there was no interaction effect between
type of movement and condition F(l,5) < 1, indicating an equivalent effect of adaptation
for eye and hand movements. Overall, amplitudes in the adaptation phase compared to the
control phase were shortened from 8.88°' to 7.78° for eye movements and from 12.11° to
11.30° for hand movements, equal to an adaptation level of 50% and 41% of the 2° target
step, respectively.

Discussion

The shorter hand movements in test trials during the adaptation blocks compared to those
test trials during the control blocks shows that adaptive modification of the ocular motor
system also affects hand-pointing movements. This presence of transfer from the ocular
motor system to the skeletal motor system is consistent with the possibility that the two
motor systems use a common signal to specify eye and arm localization (Nemire and
Bridgeman, 1987).

Logically speaking, it can be argued that it was not the eye system that adapted in
the present experiment, but the hand system, and, consequently, this hand adaptation was
transferred to the eye system. However, there are several reasons which argue against this
interpretation. Firstly, several researchers have described eye adaptation in experiments

' Although the target appeared at 10° to the right of fixation during the control block, the eye movement
was on the average 8.8°. However because the target disappeared at the onset of the saccade, no retinal
information regarding the accuracy of (he eye movement was available. Knowing this, the observed mean is
consistent with the normal pattern of a primary eye movement, traveling approximately 90 % of target
amplitude.
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with no hand movements at all (e.g., Abrams et al., 1992; Miller et al., 1981; Semmlow et
al., 1989), and, moreover, reported comparable adaptation values for the eye. No one, yet,
on the other hand, has described hand adaptation caused by eye-movement contingent
target displacements, and with no visual feedback available from the hand. It could be
logically argued that hand adaptation cannot and should not occur under such
circumstances. If subjects cannot see their hand and get no knowledge of results then there
is no reason for the hand movement to adapt. Secondly, the hand system has been shown
to have access to accurate information about target location even in circumstances where
the perceptual system is misinformed—or is affected by an illusion (e.g., Abrams et al.,
199(); Abrams & l.andgraf, 1990; Bridgeman et al., 1979; Goodale et al., 1986; Honda,
1985; 1990). Why should the hand adapt when it has access to the final position after
displacement? Finally, due to the phenomenon of saccadic suppression, adaptation happens
at an unconscious level. Probably, the most important reason to assume that eye adaptation
is influencing hand pointing is that we manipulated the eye error-signal and not the hand
error-signal, i.e. the target jumped at the onset of the eye movement*.

A question that we cannot answer yet concerns the nature of the common
mechanisms underlying saccade adaptation and hand motor control. At least two different
interpretations could be offered two explain the present findings. Firstly, the locus of the
adaptation is in the perceptual system, and if so, it should affect any response. For
instance, changes in the eye movements that people produce might affect the perceived
visual directions of objects scanned with those eye movements, as suggested by Coren
(1986). Thus, the perceived location of objects scanned while the eye was adapted should
differ from that when the eye was in an unadapted state. Tests of this possibility have
shown that the ultered eye movements do not appear to distort visual metric judgments
(Mel.uughlin et al., 1968). Secondly, the locus of the adaptation is in the motor system—
but at a point common to several motor systems. That is, perception might still be
veridical on the test trials, but the mapping between perceived locations and motor
commands may be rearranged. One way to accomplish this would be for the adaptation to
produce a change in a gain parameter (referred to as "parametric" adaptation). In this way
the amplitude of an adapted saccade to a given target position might be some constant
proportion of the amplitude of saccades to the same target before adaptation (McLaughlin.
1967). I f this were occurring, then rearrangement within the oculomotor system could be
passed on to the skeletal motor system via the common gain parameter. However, there is
still some controversy regarding the extent to which the oculomotor adaptation is truly
parametric (see Abrams et al., 1992; Frens & van Opstal, in press). More work is needed
to resolve this issue, but the answer may provide considerable insight into the common
processes involved in generating both eye and hand movements.

* An alternative interpretation for the present findings could be that shortening of the hand position in
the adaptation block is based on afferent information deriving from the eye. However.there is some
evidence which appears to be inconsistent with an afferent information interpretation. Firstly, such an
interpretation would assume that the eye started to move first, while it is known from the literature that
without time pressure, eye and hand start to move at about the same time (e.g.. Abrams et al.. 1990).
Secondly, several researchers have tried and failed to find a correlation between the error of gaze position
and hand pointing position when the target disappeared at the moment of saccadic onset (e.g. . Prablanc et
al.. 1979).
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Epilogue

In the Introduction to the present thesis the idea was mooted, based on the existing literature,
that distinct decisions are made about vt'/ji'n eye and hand movements have to be produced and
wAert eye and hand have to be directed, in the context of pointing to a visually presented
target. It is sobering, in retrospect, to have to tell the reader who has followed the main line
of the thesis to this point, that this proposition was, in any case, much too simplistic to have
been true! A clear, mutual dependence of the two mechanisms has recently been shown by
Abrams and Dobkin (1994a) in demonstrating that subjects are slower to look to a previously
cued, than to an uncucd. location - an elaboration of the typical inhibition of return effect for
attentional oriented movements initially found by Posner and Cohen (1984) - in the context of
overt, oriented eye movements. The findings of this thesis, reported in Chapter 3, further
complicate the understanding of MTU-M and Wim? decisions in visual targeting by showing that
the w/jew decisions for both eye and hand movements arc closely related to response-selection
mechanisms of w/im? to move eye and hand. The notion of a reciprocal relation between when
and where decisions was enhanced by the finding that occurrence of the interference effect -
augmentation of eye latencies when the eye movement is accompanied by a hand movement -
is dependent on the nature of the required task. That is, the interference effect was observed
in the case that response-selection decisions of nT/ere to move were demanded, while no
interference effect was observed when highly salient stimuli were presented. Highly salient
stimuli, presumably, by-passes response-selection decisions and evoke "reflexive" saccadic eye
movements (Engel, 1977). Both H7J£H and w/uvt' mechanisms would seem to be inextricably
involved in actions demanding eye-hand coordination.

7e/npora/ order

Chapters 2 and 3 throw some new light on the temporal order of eye and hand movements in
the context of pointing to a visually presented target. The generality of the eye-first, hand-
second phenomenon is questioned by the absence of this typically observed serial order effect
in some of the presented experiments. In experiments where, for instance, subjects were
required to move to a large target region, or in case they knew in advance were the target
would appear, the saccade was closely time-locked to the initiation of the limb movement. The
actual movement order therefore may depend on the behavioural task involved, amongst others,
the amount of uncertainty about the spatial location of the target. In fact, the findings that eye
and hand movements could be initiated concurrently in response to visually presented target
stimuli, suggests that there is little reason to believe that eye movements are an essential
component of rapid, goal-directed limb movements. Only the secondary hand sub-movements
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seem to be produced mainly on the basis of visual feedback provided by the eye in order to
guide the hand to the target region (e.g., Abrams & Pratt, 1993). Nevertheless, the complexity
of the forthcoming response may demand a different amount of preparation time of eye and
hand movements. That is, preparation time to construct an eye movement (e.g., specifying the
desired spatial and temporal properties of the forthcoming response) is typically independent
of accuracy constraints (e.g. Carpenter, 1988), while construction of hand movements depends
heavily on the complexity of the forthcoming response (e.g., Christina et al., 1982; Fitts &
Peterson, 1964; Fischman, 1984; Sideaway, 1991; Sideaway et al., 1988).

Common com/want/

The investigations - by means of a correlational approach • to the question whether eye and
hand responses arc initiated by one common or by different command signals, are
disappointing. Very inconsistent results are apparent, leaving some serious doubts about the
usefulness of a correlational approach in the study of eye-hand coordination when pointing to
a visual target. The correlation values found between eye and hand RT latencies may have been
non-informative because of the fact that processes in the human nervous system that
immediately precede and allow for the execution of movements contain a deliberate ro/7Jom
clement (Carpenter, 1988, sec also section 1.1).

Instead of the all-or-none question as to whether or not there is one common command
to initiate eye and hand movements, the focus in this thesis was on whether or not the ocular
and manual motor systems are related in terms of w/it'n the observer starts to move eye and
hand and in terms of w/wre the observer directs eye and hand in response to a visually
presented target.

Fascinatingly, a relation between w/jen mechanisms was found in Chapter 2 in the form
of an interference effect; demonstrated by the finding of longer eye latencies in the situation
where the saccadic eye movement was accompanied by an aimed hand movement relative to
the situation where the eye was initiated alone to the presented target stimulus. Chapter 3
exploited the nature of the observed interference effect and suggested mechanisms concerned
with the response-selection of the movements as the source of the interference effect.
Particularly, response-selection mechanisms of iWiere to move were found to be the source of
the interference effect, clearly indicating the reciprocity between u/iew and wTjm? mechanisms.

Chapter ft reported an intriguing interaction between M êrf mechanisms of the ocular
and manual motor systems. An unconscious adaptation in the end position of the eye - by
means of shortening the target amplitude at the moment that the eye started to move to the
target - clearly influenced the end position of aimed hand movements. That is, hand movements
in test trials were found to be shorter when the eye was adapted than when the eye was
unadapted. Hue to the fact that in these test trials the target disappeared at the onset of the eye
movement, no secondary hand movements were evoked. Primary' hand movements, presumably,
arc ballistic in nature, i.e. not modifiable once begun. The finding of a relation in end position
of ballistic eye and hand movements seems to be consistent with the notion that the two motor
systems share one visual map to specify eye and hand localization (e.g.. Section 1.3.4).
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Saslow (1967) was the first to report that a temporal gap between fixation point offset and
target stimulus onset results in shorter saccadic latencies than if the fixation point remains
visible. The "gap effect" has been attributed to oculomotor readiness (Saslow. I9&7). general
warning or preparation effects (Ross & Ross. 1980; 1981), facilitated sensory processing
(Reulen, 1984). facilitated attentional disengagement (e.g., Fischer, 1987; Fischer & Breitmcycr,
1987; Mayfrank et al., 1986).

The recently more aptly overt oculomotor processes explanation (Kingstonc & Klein,
1993a, 1993b. Reuter-Lorenz. et al.. 1991; Tarn & Stelmach. 1993; Tarn & Ono. 1994).
assumes that during fixation, the oculomotor system is effectively locked or engaged on the
fixation target and that voluntary shifts of fixation and reflexive glances toward novel objects
are inhibited (e.g., Guitton et al.. 1985). Extinguishing the fixation stimulus facilitates saccadic
latencies by breaking the processes that maintain the eye directed at the fixation stimulus.
Neurophysiological research suggested that the Superior Colliculus (SC), which forms part of
a system that facilitates active visual fixation (e.g.. Munoz & Wurtz, 1992), is essential for the
generation of short latency saccades that arc produced in the gap paradigm (e.g., Munoz &
Wurtz. 1992; Schiller, Sandell & Maunsell. 1987).

At first, the findings of aimed Aam/ gap effects in this thesis seem to conflict with the
overt oculomotor explanation in terms of SC mechanisms. However, Werner (1993) has recently
reported neuronal activity in the primate SC before and during arm movements to visual targets,
and there is more evidence that the SC is involved in all types of orienting movements towards
external targets (Fries, 1984; 1985). Overall, the findings in this thesis of aimed hand gup
effects in some experiments, and the absence of a gap effect for simple, non-oriented, manual
keypress responses in another, support overt motor explanations. However, the facilitativc effect
of fixation point offset does not only occur for oriented, ocular responses but also for oriented,
manual responses.

D/recn'0/15 yfer /w/ure re.vearc/i

7e/wpora/ orc/er. The enormous variability in temporal organization of eye and hand movements
shows us the complexity of the mechanisms underlying the decision of when to initiate
coordinated eye-hand movements. Besides, pointing movements can be made independently of
w/ja/ kind of object is presented in the environment. A logical next step would be to
manipuilate the w/»ar nature of the presented object, e.g., shape, size or orientation of the object,
as well as to consider the question of what we are supposed to do with the object of interest
(e.g., Jeannerod 1988; Rosenbaum. 1992). However, more complex movements, as for instance
grasping an object, will demand at least two motor components. Firstly, a ballistic transport
component to bring the hand near to the target location and, secondly, a grasp component to
make contact with the object (e.g., Paulignan et al., 1991a; 1991b). An interesting question is
whether the first transport component of the grasping movement can be considered as similar
in nature to a rapid pointing movement (followed by an additional grasping component) or
whether the motor systems involved in reaching and grasping movements can be considered as
totally separate modules (e.g., Paulignan. 1991a; Jeannerod, 1986).
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/ertf«cf <$ec/. The augmentation of saccadic eye latencies when they are accompanied by
goal-directed hand movements points to the close relation between the two motor systems.
However, it has to be noticed that the amount of interference in the dual-task condition - eye
and hand - relative to the single-task condition - eye or hand - is rather low compared to two
functionally independent tasks such as vocal and manual tasks (e.g.. Pashler et al., 1993). It
would be interesting to know whether the interference is relatively low because of the fact that
eye and hand move to the same location in space. One way to investigate this question would
be to employ anti-saccades, i.e.. saccades away from the target stimulus, and normal aimed
hand movements - or vice versa, saccades and anti-hand movements) in single- and dual-task
conditions.

"7VJC (/'«/) i'/7ec7". The gap experiments showed a possible link between fixated and oriented
processes in a more general sense, i.e. not limited to the ocular motor system. Manual oriented
movements are inhibited as well when the observer is actively fixating a stimulus. It would be
meaningful to investigate whether a gap effect exists for all the orienting systems, i.e. for head
and trunk movements towards a presented target stimulus, indicating the generality of the gap
effect for all the motor systems.

7><ww/fcr o/at/uftfafjon. The finding of transfer of adaptation from the ocular to the manual
motor system is consistent with the possibility that the two motor systems use a common signal
to specify eye and arm localization. However, the nature of the common mechanisms could be
interpreted at least at two different levels. Firstly, it might be that adaptation affects the
perceptual processes of objects scanned with adapted eyes (Coren, 1986). Thus, the perceived
location scanned while the eye is adapted differs from that when the eye is unadapted.
Secondly, the changes in output may be explained by a change in gain parameter in the
oculomotor output which is passed on to the skeletal motor output (see also Chapter 6). A
possible way to clarify these two possibilities would be to require non-motoric responses of
subjects in an adapted and unadapted state. If adaptation affects perceptual processes, non-
motoric responses would also be influenced by the adaption.

mo/or /w/wviVwr. Spatially oriented behaviours form the core of people's ability to
effectively interact with the physical world. The present thesis provides new insights into
fundamental perceptuo-motor mechanisms involved in coordinated eye and hand movements.
Further determination of the questions outlined in this thesis will be invaluable in understanding
daily human interactions with the immediate environment. In addition, it could provide a good
framework for the understanding of natural movement disorders. Parkinsons patients, for
instance, often have difficulty initiating rapid limb movements. A very intruiging question -
deriving directly from the research outlined above - is whether Parkinson's patients also have
difficulties in initiating saccadic eye movements. A better understanding of the basic processes
underlying spatially oriented behaviour in normal subjects could provide considerable insight
into the assessment and treatment of perceptual-motor disorders. Further fundamental
investigations into the temporal and spatial organization of eye and hand movements should,
ultimately, lead to a comprehensive model in which all the processes that underlie spatially
oriented behaviour can be understood.
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Summary

In order to interact effectively in the everyday world, man depends heavily on close coupling
between perceptual information and motorie action. In order to produce aimed hand movements
to a visual target, for example, it is necessary to accurately map visual-spatial information about
the target onto an appropriate set of commands to the muscles required to reach for, or point
to, the object of interest. Although humans are very accurate in their goal-directed behaviour,
the mechanisms underlying looking and pointing are quite complex and much remains to be
learned about them. The focus of this thesis is on the relation between the mechanisms involved
in manual and oculomotor control. More specifically, attention is directed to the temporal

and spatial (u/iere) decisions involved in both eye and hand movements.

Chapter I provides an introduction into the theoretical systems underlying the temporal
and spatial organization of eye and hand. Firstly, observations about the temporal orguni/ation
of eye and hand responses were denoted. While the consensus of most of the literature is thut
the eyes start to move towards the target before the hand, there are some studies which
challenge this position suggesting that the eye-first, hand-second temporal order might have
little to do with the provision of foveal information to guide the hand to the desired end
position. Other studies have investigated the latency correlation between eye and hand
movements concluding, in general, that such correlations arc relatively small. Dual-task studies
in which subjects are required to make eye or hand movements, separately, or simultaneously,
to a visual target have also figured prominently in the literature. With respect to interference
effects, the results have generally been inconsistent.

Secondly, a number of potential sources of spatial information which would enable the
generation of saccadic eye and aimed hand movements have been suggested. Amongst these
figure retinal information about the target (e.g., information about the location and movement
of the object in the environment, about limb position and about the status of the ongoing
movement) together with extra-retinal eye position information and proprioceptive hand
position information which have to be well-matched in an unitary visual map in order to
generate accurate eye and hand movements.

Chapter 2 reports on experiments in which dual-task methodology is employed to
investigate whether eye and hand motor systems operate independently or whether they share
processes with regard to decisions about vWien to produce the required output. Results showed
that eye latencies were longer in the situation in which the eye was accompanied by an aimed
hand movement relative to the situation in which the eye was initiated alone to the presented
target stimulus. The finding that saccadic eye movements and button-press responses in the
dual-task condition could be initiated without delay relative to the single-task conditions,
supported a specific eye-hand coordination bottleneck explanation.

Chapter 3 reports experiments into the nature of the interference effect. This was shown
not to be related to a specific temporal bottleneck, i.e. sharing of limited available processes
at a specific point in time but, it was suggested, that the mechanisms concerned with response-
selection of movements constitute the source of the interference effect.

Chapter 4 reports on experiments in which is investigated whether the "gap effect" -
shorter saccadic latencies in case of a temporal gap between fixation point offset and stimulus
onset than if the fixation point remains visible - is also present for manual responses. A robust
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gap effect was found for aimed hand movements, independent of whether the hand moved alone
or was accompanied by a saccadic eye movement. Also a small gap effect for choice keypress
response was found but no gap effect for simple responses. These findings suggested an
interpretation of the gap effect in terms of facilitation of spatially oriented responses.

Chapter 5 presents experiments in which the presence or absence of a gap effect for
aimed hand movements and simple keypress responses is related to response-preparation
processes or response-execution processes. The finding of robust gap effects for eye and aimed
hand movements independent of response-preparation mechanisms (i.e. target uncertainty) was
consistent with an interpretation of the gap effect in terms of facilitation of response-execution
processes associated with spatially oriented eye and hand movement responses.

Chapter 6 reports on experiments which investigated whether hand pointing is influenced
by an adaptive modification of saccadic eye movements. Kyc movements were shortened by an
unconscious target displacement during the eye movement. The finding of shorter hand
movements when the eye was adapted compared to when the eye was unadapted suggested such
u transfer. This result was consistent with the interpretation that the eye and hand motor systems
use u common signal to specify vW?tri' to move.

Chapter 7 - the I'pilogue - provides a synopsis of the experimental findings from this
thesis in the context of the relevant literature. This led to the overall conclusion that new
insights had been provided inlo fundamental perceptuo-motor mechanisms involved in
coordinated eye and hand movements, which, ultimately, should lead to a comprehensive model
in which all the processes that underlay spatially oriented behaviour can be understood.
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Samenvatting

Effectieve interactie met de ons omringende wereld vraagt om een nauwc koppcling lussen
perceptuele informatie en motorische actie. Voor het produceren van gcrichte handbewcgingen
naar een visueel doel is het bijvoorbeeld noodzakelijk dat we accuraat de hcschikhorc visueel-
ruimtelijke informatie over het doel omzetten in een set van gcschiktc commando's naar de
spieren. Deze commando's zijn noodzakelijk om le reiken of te wijzen naar het object van
aandacht. Hoewel mensen erg accuraat zijn in hun doelgerichte bewegingen. zijn dc
mechanismen die ten grondslag liggen aan kijken en wijzen erg complex en dient er nog veel
over geleerd te worden. Dit proefschrift richt zich op de relatie tussen mechanismen hetrokken
bij manuele en oculaire motorcontrole. De aandacht is specifiek gericht op temporcle (minni'tr)
en ruimtelijke (miar) beslissingen die betrokken zijn bij zowel oog- als handbcwegingen.

Hoofdstuk 1 biedt een introductie in de theoretische systcmen die ten grondslag liggen
aan de temporele en ruimtelijke organisatie van oog en hand. In dc eerstc plaats werden
observaties over de temporele organisatie van oog en hand beschreven. Hoewel dc consensus
in de literatuur is dat de ogen beginner) te bewegen naar het doel voor de hand, werden er
enkele studies besproken die deze opvatting doen wankelen, daarbij suggereren dat de oog-eerst,
hand-daarna temporele orde weinig te doen heeft met het verstrekken van fovcalc informatie,
mogelijkerwijs nodig om de hand naar de gewenste eindpositie te leiden. Andcre studies hebben
de correlatie tussen latentietijden van oog- en handbewegingen onderzocht en geconcludeerd
werd dat deze over het algemeen relatief laag is. Dubbeltaakstudies waarin proefpersonen
gevraagd worden om oog of hand apart of gelijktijdig te bewegen naar een visueel doel zijn ook
prominent vertegenwoordigd in de literatuur. Met betrekking tot een eventuelc interferentie
tussen het opstarten van beide systemen zijn de resultaten inconsistent.

In de tweede plaats werden een aantal potentifile bronnen van ruimtelijkc informatie
beschikbaar voor de generatie van saccadische oogbewegingen en doelgerichte handbcwegingen
besproken. Geconcludeerd werd dat retinale informatie over het doel - bijvoorbeeld informatie
over de locatie en beweging van het doel in de omgeving, informatie over ledemaatpositie
alsmede over de status van de huidige beweging - samen met extra-retinale oogpositie-
informatie en proprioceptieve handpositie-informatie nauwkeurig afgestcmd dient te worden in
een enkele visuele map om accurate oog- en handbewegingen te genereren.

Hoofdstuk 2 doet verslag van experimenten in welke de dubbeltaakmethode is gebruikt
om te onderzoeken of oog- en handsystemen onafhankelijk opereren of dat beide systemen
processen delen met betrekking tot beslissingen over wamjew de bewegingen tc produccrcn.
Resultaten lieten zien dat latentietijden van het oog 1 anger zijn in een conditic waarin het oog
werd vergezeld door een handbeweging dan in een conditie waarin het oog alleen werd
geinitieerd naar het aangeboden doel. De bevinding dat saccadische oogbewegingen en
druktoets-responsen in de dubbeltaakconditie geinitieerd konden worden zonder vcrtraging
relatief tot de enkeltaakconditie, ondersteunde de opvatting dat er sprake is van een specificke
"bottleneck" voor oog-hand coordinate.

Hoofdstuk 3 doet verslag van experimenten naar de aard van dit interferentie-effect. Het
effect bleek niet gerelateerd te zijn aan een specifiek, temporele "bottleneck", i.e., deling van
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gelimiteerd aanwezige processen op een specifiek punt in de tijd. Gesuggereerd werd dat
mechanismen bctrokken bij de response-selectie van de bewegingen de bron van net
interferentie-effect bevatten.

Hoofdstuk 4 onderzoekt of het "gap effect" - kortere saccadische latentietijden indien
er sprakc is van een temporele "gap" tusscn het verdwijnen van het oorspronkelijke doel van
fixalic en het verschijnen van het nieuw te fixeren doel - ook voor manuele responses opgaat.
Dc bevindingen van een robuust "gap effect" voor doelgerichte handbewegingen onafhankelijk
van het feit of dc hand alleen bewoog of vergezeld werd door een saccadische oogbeweging,
ccn klciner "gap effect" voor keuze-toetsresponsen en geen "gap effect" voor simpele-
toetsresponsen /ijn consistent met een interpretatie van het "gap effect" in termen van facilitatie
van ruimtclijk, oriCntercnde responscn.

Hoofdstuk 5 prcscntcert experimenter! in welke de aan- of afwezigheid van het "gap
effect" wordt gerclateerd aan rcspons-prcparatie-processen of respons-executie-processen. De
bevinding dat een vcreenvoudiging van prcparatieprocessen door het verstrekken van informatie
over de positie van het doel van de oog- en handbeweging niet tot een vermindering van het
"gap effect" leidt, suggerccrt dat het effect gelokalisecrd is in de uitvoeringsfasc van oog- en
handbewegingen en nict in de prcparatiefase.

1 loofdstuk 6 doct verslag van een experiment welke onderzocht of wijzen met de hand
wordt bcYnvloed door een uduptieve verandering in saccadische oogbewegingen. Oogbewegingen
werden ingekort door een onbewustc doelverandering gedurende de oogbeweging. De bevinding
van kortere handbewegingen indien het oog geadaptcerd was vergeleken met wanneer het oog
ongeadaptccrd was, gee ft aan dat de oog- en handmotorsystemen informatie delen met
bctrckking tot bcslissingen over tr<wr naar toe te bewegen.

Hoofdstuk 7 - de lipiloog - biedt een synopsis van de experimentele bevindingen van
dit proefschrift in de context van de relevante litcratuur. Dit leidde tot de algemene conclusie
dat nieuwe inzichten zijn verkregen in de fundamentele. perceptuele-motorische mechanismen
bctrokken bij coOrdinerende oog- en handbewegingen, welke uiteindelijk moeten leiden tot een
coherent model waarin allc processen die ten grondslag liggen aan ruimtelijke georie'nteerde
gedragingen begrcpen kunnen worden.
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