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Abstract

Brain activity associated with the genera*ion of human saccadic
eye movements was investigated in relation to the eiicitirng
visual stimulus and the intendad target of *he saccade. The
subject's task was to fixate a stimulus light presented randomly
at left or right positions on a screer (normal task) or else to
fixate the position at the opposite side (anti *ask). TIn two
centtol conditicns for the same tasks the stimulus light jumped
to the opposite side when the subject initiated a saccade. Two
addi+tional control conditions consisted of no saccades for the
same visual stirulation, and no visual stimulation but left and

rigkt saccades following verbal command from the experimenter.

Results showed no significant task or stimulus condition effect
for saccade reaction time. The stimulus-evoked potential
recorded from *hree midline scalp locatiors showed a prominent
negative peak cf 150-200 msec latency with maximum amplitude at
vertex and minimum at *he frontal location. The anti task
produced significantly greater amplitudes at the central ard
parietal locaticns. BRespornse-related data showed a
positive-going potential (Pre-Motion Positivity, PMF) pricr to
saccade onset. The topography of the PMP was similar for all
five movement conditioms with a fror*al micimum ard a parietal
maximum which was significantly greater for the normal
condition. No effect of target movement was found for ary

dependent variakle.
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Interpretation of the reaction time results in relation %o
previous research is basea on the nature of the particular task
used in the present experiment and also evidence for independent
programmning of direction and magnitide of saccades. The evoked
potential effects found are suggested to occur because the anti
and rormal conditicns require differert degrees of selective
attertion which has been shown to augment a sirilar negative
evoked potential compronent. The PMP scalp dis*ribution oltaired
is related to the hypothesized location of cortical genherators
in the parietal lobe where cells have Lteer found whiclk are
activated prior to visually-elicited saccades in morkeys. The
amplitude difference found for normal and anti saccades 3uggests
that the PMP is sensitive to the differert demands of the two

tasks.
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Introduction

Saccades are ballistic movements of the eyes which direct the
fovea to a selected rart of the retiral image and maximize
acuity. As with other ballistic movements cerebral potentials
have been fourd to precede saccades which are made both in a
self-initiated, voluntary manner (Becker et al., 1372) and also
in response to a target light (Kurtzberg & Vaughan, 1979). An
additicnal complexity for any investigation of the potentials
preceding stimulus-elicited as compared to self-initiated
saccades is the contribution of visual evoked potentials to the
movement-related potentials. The presen* research was designed
in part to compare the potentials preceding saccades made irn
response to a stimwlus light which was or was not the intended
target of the eye movement. Additional conditions attempt to
assess the possitle effects of the visual stimulation following
the saccade on the earlier movement-related potentials. The
results of such research will hopefully relate *to the question

of how the Ltrain generates the motor command for a saccade.

The following sections will more fully introduce the topics
covered in this thesis and review the earlier research on which

the present experiment is based.

The published research of relevamnce falls into four general

categories: 1) reurorhysiological research on the activity of



various parts c¢f the brain in reliation to saccadic eye
movements; 2) experimental studies of humanr cerebral potentials
preceding saccades, the category which is most relevant to the
present researct and which also happens to be the least
voluminous; 3) human evoked potential research; and 4) detailed
investigaticns c¢f the *iming and characteristics of human eye
movements (and nc other responses) related to a great variety of
stimulus conditions. ©EFach of these categories will be discussed
in turn. The first will be included with the following general

introduction to oculomotor neuroanatomy.

Structure and function of the oculomotor system

This section will briefly consider the parts of the nervous
system involved in movements of the eyes, with emphasis on those
structures mediating horizontal saccades. Due to an absence of
anatomical knowledge for many areas, relevant physiological
evidence will also be presented. The general organization of
this section will be to discuss the various parts in the crder
of peripheral tc central. In evaluating this undertaking a
recent remark by Bender (1980) should be kept ir mind: "Based
on clinical, pathological, experimental, physiological and
Tecert anatomical studies it appears, as Graybiel (1977a)
conmented, that the oculomotor system is one of the most
diffusely represented subsystems in the cerebrum and brair-sten

and that its intrinsic organization is one of the most complex



of any in the central nervous system." (p. 57). Most of the
ctructures to be discussed are schematically presernted in Figure

1.

Brainstem structures

The six extraoctlar muscles of each eye are innervated by three
cranial nerves, oculomotor, nIII; troctlear, nIV; and abducens,
nVI. Unfortunately, "oculomotor" is thus doubly used to refer
either to nerve and nucleus III alone or else all three nerves
and nuclei together as well as associated structures. In this
discussion the rumerical designatior will be used where there is
a possibility of ambiguity, otherwise "oculomotor" will be used

in both ways.

control of the six extraocular muscles is unequally divided
among the three brainstem nuclei. Innervation of four muscles,
the superior, inferior, and medial recti and also the inferior
oblique, is derived from the ipsilateral oculomotor nucleus.
The lateral rectus is supplied by the ipsilateral abducens
nucleus which, *o point out a simple fact, does fumnction to
abduct the ipsilateral eye. 1lastly, the trochlear nucleus
controls the superior oblique, but in this case, of the

contralateral eye.

Although the oculomotor ruclei and nerves clearly constitute the
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Figure 1. Schematic diagram of the major structures and
pathways with demonstrated importance for oculomotor func-
tiom, Not included is the paramedian pontine reticular
formation, which has connecticns with all the other struc-
tures shown. Rased on Carpenter (1977}, the major change
being the addition of the posterior parietal cortex.
Abbreviations: VC, visual cortex; PPC, posterior parietal
cortey; PFEF, frontal eye fields; SC, supericr crlliculu::;
CBM, cerebellums; TNC, interastitial nucleus of Cajalj; VN,
vestibular nucleus; OMN, oculomotor nuclei.



peripheral final ccmmon path for eye movements, the more central
efferent pathways are less well defined and understood. The
three oculcmotor nuclei are located in the reticular formation
of the brainstem, near the midline and ventral to the fourth
ventrical. Important direct conmnections exist with: 1) the
medial longitudinal fasciculus (MLF), a large fiber tract which
passes close to all three nuclei; 2) two small nuclei situated
just dorsal to NIII, the nucleus of Darkschewitsch and the
interstitial nucleus of Cajal; 3) the dentate nucleus of the
cerebellum, which sends direct fibers to the cortralateral NIITI;
4) the vestibular nucleus, adjacent to the abducens nucleus; and
5) the paramedian pontine reticular formation (PPEKF), an area
with diffuse boundries lying ventral to the MLF and extendirg
between the levels of the trochlear and abducens nuclei

(summarized in Carpenter, 1977).

Absent from the above list, a major subcortical structure which
is clearly involved in the generation of eye movements, the
superior colliculus, has not been fourd to have direct
connections to the oculomotor nuclei (Szentagothai, 1950). A
plausible reason for the necessity of intermediate comnections
is that the motcr outflovw of the superior colliculus consists of
commands for eye movements which are coded in terms oi retirnal
coordinates, rather than coordinates fixed in relatior to the
direction of the head (Robimson, 1972), which is required for

appropriaté cortrol of tension in the extraocular muscles.



Additional processing of collicular output is therefore required
at some intermediate location. The hypothetical site for thLis
mechanism is the PPRF, or the cerebellum, or both (Carpenter,
1977). Evidence for the cerebellar control of eye movements
will be discussed in a later section on the hicher centers. The
following will consider some of the relevant information

concerning the train stem.

Human clinical studies in the last century found that unilateral
pontine lesions resulted in contralateral hemiplegia and
paralysis of ipsilateral conjugate gaze (i.e. left pontine
lesions eliminated saccades to the left), while lesions above
tte level of NIII resulted in paralysis of contralateral
conjugate gaze (reviewed by Bender, 1380). Aalthough
hypothesized much earlier, the anatomical structures responsible
for suct effects have only recently been discovered. The
abducens nucleus, which innervates the ipsilateral external
rectus muscle, also sends out interneurons which cross the
midline and ascend the medial longitudinal fasciculus to NIII,
which controls the opposite medial rectus (Baker, 1977). This
pathway presumably is important for the executior of conjugate
horizontal saccades. Electrical stimulation studies have
further revealed that while stimulation of the abducens nucleus
may result in disconjugate ipsilateral abduction, stimulation of
a motre ventral area in the PPRF resulted in ipsilateral

conjugate deviation of both eyes (Bender & Shanzer, 13964).



As further suppcrt for the importance of the PPRF,
neurophysiological recordirgs have revealed "medium lead”
saccade-burst neurors in this area which begin firing a few
milliseconds befcre the onset of the saccade and continue
throughout the duration of the saccade. These units showed
greater response for saccades in a preferred direction, and the
+ime course of the decay in firing rate during the saccade was
highly correlated with the velocity component of the saccade in
the rreferred direction (Eckmiller et al., 1980). This research
and other evidence, has supported the idea that the PPRF is an
important structure controlling the coordinated functioring of
the cculomotor nuclei for conjugate eye movements. Further
anatomical grounds for the major role of the PPRF include the
fact that this area receives direct inputs from the other higher
centers involved with eye movements, ircluding the superior
colliculus, the cerebellum, and the cerebral cortex (summarized

in Carpenter, 1977).

Concerning this input to the brainstem, results of the early
human clinical work mertioned above are explainable by the
recent stimulation and stereotaxic lesioning research which
showed that the oculomotor pathways from higher centers cross
the midline in the brainstem at a level between that of NIII arnd

NIV (Bender & Shanzer, 1964).



Following the intended organization of this sec*ion, some of the
nore important higher-level structures mentioned above will now

be discussed.

Cerebellurn

The cerebellum has been included as one structure with direct
connections to NIII, although the wealth of indirect connections
are probably mcre important, particularly for horizontal
saccades. The cerebellum is highly complex, both anatomically
and functionally, ard is involved in motor control for all types
of movements for the whole body (Eccles et al., 1967). The four
major areas of the cerebeilum most involved with eye movenments
are: 1) the vestibulocerebellum (flocculus, nodulus, and
uvula) ; 2) vermal lobuli VI and VII ("oculomotor vermis") ; 3)
the lateral cerebellar hemispheres, lobuli simplex, crus I and
II; and 4) the four cerebellar nuclei, globose, emboliforn,
dentate, and .fastigial. The first three areas correspond to
parts of the archi-, paleo-, and neo cerebellum, respectively,
subdivisions based on the phylogenetic developmert of the

cerebeillum.

The vestibulocerebellum receives direct input from primary
vestibular fibers and is reciprocally cornected with the
vestibular nucleus (summarized in Carpenter, 1977). Lesions of

the floculo-nodular lobe Tresult in positional nystagmus, while



electrical stimulaticn does not evoke ary eye movements, rut
does inhibit ongoing vestibular nystagmus (Korntuber, 1371).
Another interesting finding, which although not likely to lead
to a preferred treatment for a common human malady, does
indicate how closely this area is associated with vestibular
function, is that lesicns of the archicerebellum relieve
susceptibility *o motioan sickness (Bard et al., 1947, cited in

Kornhuber, 1971).

Physiological evidence for the importanrce of thLe oculomotor
vermis includes findings that saccades are elicited by
electrical stimulation and impaired by s*ereotaxic lesions, and
also that vermal Purkinje cells fire prior to saccades (Precht,
1977). The processing role of this area is suggested by the
fact that vestikular, neck, and extraocular prorrioceptive
inputs converge here with visual inputs, all of which provide
necessary information concerning positions of *he head, eyes,
and visual target, required for appropriate execution of eye

roverents.

The more lateral areas of the adjacent neocerebellum appear to
have similar functions in respect *o eye movements. Kornhuber
(1971) has presented a *theory of the function of the cerebellar
cortex for ballistic movements in general, which will be kriefly
described. FKornmhuber (1971) considers ballistic movements to be

ones that are sc rapid that any rperiptkeral feedback would be toc
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late to be of use in their continuous regulation, therefore they
must be largely preprogrammed. For the pure case of the fastest
possible movemert, all motoneurons will be recruited together
and the single controlling signal is simply the time duration of
the efferent imrulses. Kornhuber (1971) cites evidence
(Shiller, 1370) that during saccadic eye movements, *the agonist
extraocular muscle always fires at the highest possible rate.
The distance the eye moves will therefore be a function only of
how long the contraction lasts. Since the time delay for
transmission of visual information from the retina to the visual
cortex in man is relatively long, at least 35 msec, and because
small saccades have total durations less than this, a saccade,
orce initiated, must be comrleted without the assistance of any

visual information indicating where the eye is to stop.

According to Kornhuber, the mechanism required to control the
magnitude of saccadic eye movements is an accurate clock
(actvally a variable-interval timer) and its location is in the
cerebellar cortex. The evidence for this comes primarily fron
clinical studies of ccular motility in patients with ceretkellar
lesions (Kornhuter, 1973). These patients usvally exhkibit an
inability tc¢ prcduce saccades of the correct amplitude
(dysmetria) and usually undershoot the target (hypometria). For
unilateral lesions, dysmetria might occur, for examgle, for
left-to-right saccades but the return saccades would be normal.

The dysmettic eye movements are aimed in the correct direction,
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but the correct magnitude is only achieved by trial and error.

Kornhuber (1973) states that in pure cases of cerebellar
coctical atrophy there are not other symptcms of gaze paresis,
gaze nystagmus, abnormal smooth pursuit movemerts, or slowing of
saccadic velocity; such symptoms occur in cases with damage also

to the cerebellar nuclei and brain-stem oculomo*or nuclei.

The cerebellum anatomically seems highly suited for timing short
intervals (Llinas, 1974) and recordings of electrical activity
skovw very high frequencies of discharge from Purkinje cells, up

to 500 impulses/sec (Thach, 1970, cited in Korrhuber, 1971).

As well as saccadic eye movements, Kornhuber considers the same
cerebellar functions to exist for ballistic limb movements. The
clinical evidence is that patients with cerebellar cortex
lesions similarly shtow dysmetria for fast volun*ary movements,
and also adiadcchokinesis, the inability to start the next rapid
movement after the end of the first, or chain +*ogether a ceries

of movements (e.g. playing the piano).

Kornhuber (1971) further theorizes that the cerebellar nuclei
have a functicn complementary to that of the cerebellar cortex:
following a movemen* these structures act to maintain a constant
position. Clinical symptoms resulting from lesions of the

cerebellar ' nuclei include the so=-called "intention tremor" of
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the arm which occurs after a rapid movement (Kornhuber, 1671).
Pendular nystagmus, *“remor of the eyes during attempted steady

fixation, is the corresponding disturbance of eye movements.

Superior colliculus

The superior colliculus (SC) is a mesencephalic structure
important for the control of eye movemeLts. The primate SC is
homologous with the optic tectum of submammalian vertebrates,
but over phylogenetic development the mammalian visual cortex
has assumed many of the functions of the SC in simpler

vertebrates.

Related to this separation of functions, some authors have
distinguished between a "first" and "second" visual system; the
first being the major geniculostriate pathway and the second a
less clearly demarcated colliculo-pulvinar-parietal cortex
pathway (Schneider, 1969; Zihl & Vor Cramon, 1979). The former
mechanism is suprosedly responsible for form perception
(discrimination and identification) while the latter subserves
the detection of events, their localization in space, and the
control of orienting responses. A well established finding of
neuropsychology is that bilateral striate cortex ablationes
result in blindness as measured by most tests. However, monkeys
with such damage to the first visual system can still detect and

localize briefly presented visual stimuli as judged by their
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reaching movements (Weiskrantz, Cowey, & Passingham, 1977).
Human patients with unilateral damage to the geniculostriate
pathways are similarly able to make accurately directed saccades
to visual targets presented in their "blind" visual hemifields
(Poppel, Held, & Frost, 1973; Sharpe et al., 1979). This
evidence suggests that the geniculostriate visual system is
therefore not mnecessary for the detectior and localization of

visual stimuli.

Apatomically, the SC has all *+he appropriate connections for the
control of eye movements based on visual information. As
summarized in Carpenter (1977), visual informa*ion arrives at
the SC via inputs from the retina, the lateral geniculate of the
thalamus, and the visual cortex. Other affererts include fibers
from the eye fields of the frontal lobe, as well as from the
reticular formation. Output of the SC includes bilaterail
projections to parts of the pontine ard medullary reticular
formation (including the PPRF), and to the interstitial nucleus
of Cajal and *he nucleus of Darkschewitsch. These areas, as has
been mentioned, have direct connections to the oculomotor
nuclei. Other efferent pathways travel to the tectospinal
tract, the medial and lateral geniculate nuclei and the pulvinar
of the thalamus. SC output also reaches the cerebellum by way

of the dorsolateral pontine nuclei.

Visual inpfit to the SC does preserve a retinotopic arrangement,
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i.e., the afferent projections maintain information concerning
the relative displacement of a stimulus from the point of
fixation (Robinson, 1972; Schiller, 1378). Units in the SC
resrond to stationary and moving stimuli, and show an enhanced
response if *the stimulus elicits a saccade (Wurtz & Mohler,

1976).

One important experiment related to the involvemert of the SC in
visual=cculomotc: functioning has been reported by Sparks,
Pollack, and Mays (13578). Briefly, neurons in the (more
anterior) SC exhibit a burst of activation follcwing the
presentation of a visual stimulus in a particular section of the
visual field if the visual stimulus elicits a fixation saccade.
Neurons in the more superficial layers of the SC show a response
whiclk is most highly correlated with the presertation of the
visual stimulus, while *the activation of neurons in deeper
layers is more tightly coupled to the initiation of the saccade
(see also Schiller, 1978). A function of the SC, therefore,
appears to be the *ranslation of visual sensory information
regarding the retiral location of a stimulus into the
corresronding mctor ccmmands for fixating that stimulus. The
gquestion Sparks et al. (1978) raised was whether or not the
generation of motor signals from the deeper layers was
completely dependent upcn sensory activation of the superficial
layers. For morkeys trained to follow a stimulus which first

shifted one¢ direction and thea Teturned, even if the second
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stimulus movement was completed during the reaction time for the
monkey's first saccade, the second saccade followed activation
in the deeper layers of the corresponding part of the SC, even
though there was no previous visual stimulatior of the

corresponding part of the visual field.

Over a century ago Adamuk reported reported that electrical
stimulation of the SC evoked contralateral conjugate eye
movements (Adamuk, 1870, cited in Roucoux & Crommelinck, 1376).
Recent research me*hods have shown that brief, localized
stimulation prodrvces saccades which direct gaze to that part of
the visual field predictable from the retinotopic arrangement of
the SC, while fprolonged stimulation results in a sequence of
saccades with similar direction and ampli*ude, the so-called
"ctaircase effect" (Robinson, 1972). This evidence supports the
idea that the SC codes information for eye movemerts in terms of
retinal coordinates. There is also, Lowever, a dissenting
opinion on this view (Roucoux & Crommelirck, 1876; Crommelinck
et al.s, 1377; Guitton et al., 1980) which holds that electrical
stimulation has also been found to result irn "goal directed"
saccades, the direction and amplitude of which are dependent
upon the initial position of the eye. Corroborative evidence
that the SC does utilize information concerning eye position has
recently been reported by Donaldson ard Long (1980). This
experiment studied the responses of single units in superficial

layers of the SC to both visual stimuli and also mechanical
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stretch of the extraocular muscles. Muscle stretch was found to
increase ac*ivity in about half of the units studied and also to

moderate responses to the visual stimuli.

Given that there is evidence for *the processing of eye posi*ion
irnformation in the SC as well as a retinotopic organizaticn, it
appears that the current concepts of SC function are, at bLest,
incomplete. Possibly signals for eye movement are coded in
terms cf both retinal coordinates and head coordirates.
Alternately, even though the basic organization of the SC is
retinotopic, eye position information might be necessary for the
successful foveation of targets presented in the far periphery
outside of the maximum range of eye movement, which would also

require coordinated head movement.

Contrary to wha* might be expected from the electrical
stimulation studies, small lesions withkin the SC do not have the
effect of eliminating visually elicited saccades for targets in
the affected area. The form of the saccades produced following
such lesions is normal, and the only effect found is an increase
in the la*tency of the response (Wurtz & Goldberg, 1972). Tthis
same finding has been reported for human patients following
hemicolliculectcmy, with the added result that the effect shows
recovery over time (Heywood & Ratcliff, 1975). Since an intact
SC is nct necessary for the performance of visually elicited

saccades, ¢ther farts of the brain must also participate in this
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function. The following discussion of the role of the cerebral

cortex will sugges* some possible candidate structures.

Cerebral cortex

bDuring the last ter years there appears *to Lave been a major
shkift in the relative emphacsis placed on the various areas of
the cortex implicated in the control of eye movements. Older
sources discuss primarily the eye fields of the fromtal lobe and
the visual cortex of the coccipital lobe, while Trecent research
has concentrated on parts of the parietal cortex. For exanmple,
Carpenter, in his 1971 review of central oculomotor pathways,
ornly briefly mentions the parietal cortex as ore source of input
to the superior colliculus. The following discussion will
summarize scme cf the major experimental findings for each of

these three cortical areas.

The cccipital ccrtex has been mentioned earlier as part of the
"first visual system." Research in the last century found that
electrical stimulation of the occipital lobe resulted in
conjugate eye movements to the contralateral side (Schafer,
1888, cited in Carpenter, 1977). Lowest stimulation thresholds
are found near the calcarine fissure ir Brodmarrn's area 17
(Figure 2), the primary projection area for gericulostriate
visual afferents, but responses are also obtaired from the

surrounding areas 18 and 19 (Carpenter, 1371; Bender, 1380). 1In
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Figure 2. Human cerebral cortex., OQutlined are those
cytoarchitectonic areas of Brodmann which are mentioned
in the text (based on Crosbv et al., 1962)Y. The less
well-defined boundaries (Elliot, 1947) are indicated by
dashed lines. Also shown are the midline and left scalp
electrnde locations (Jasper, 1958) used in this study.
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evaluating the relevance of *hese stimulation effects for *he
role of the occipital cortex in oculomotor control, anh imfportant
concept that shculd be kept in the back of one's mind is that
such stimuli are perceived by humarn subjects as visual
rhosphenes located in the visual field at a place determined by
the retinotoric organization of the visual cortex (Brindley &
Lewin, 1968), and so an electrical stimulus could act purely as
a visual target which the eyes attempt to foveate. The
electrical stimulaticon evidence for the visual cortex, as well
as the results of the lesion studies men*ioned earlier, are
consistent with the hypothesis that the visual cortex is
primarily ccncerned with sensory processing and not the control
of eye movements. This is not to deny, however, that the major
output of the visual cortex to the superior cclliculus is
undoubtably impcrtant for the functioring of the latter

structure.

Electrical recording methods have revealed the intricate visual
properties of striate neurons as shown in the well-know work of
Hubel and Wiesal. Wurtz and Mohler (1976) investigated the
neuronal resporses to visual stimuli ir relation to the
occurrence of amn elicited saccade. PFew striate neurons were
found to show any effect of eye movement. Those that were
influenced showed an enhancement effect that was nonselective in
relaticn toc the particular response, i.e. the same response

enhancement was found for both saccades made to the stimulus or
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+o some other lccation, and also for a bar fress response. This
irdicates that the responsiveness of the visual cortex is
influenced by general activation, bu* singie units do rot

reflect a selective atten*ion process.

The next cortical area to be discussed, the frontal eye fields
(FEFs) , were discovered in the early electrical stimulatiocn
research of Fritech and Hitzig in 1870. The locatior of the
FEFs roughly corresponds to parts of area 8 in Prodmann's
cytoarchitectonic map (Fiqure 2), the caudal part of the middie
frontal gyrus and the adjacent inferior frontal gyrus
(Carpenter, 1971). There is a separate representation of
specific eye movements in both *he upper and lower areas. The
FEFs receive visual information from the visual cortex by way of
the pulvinar nucleus of +he thalamus, as well as from
intercortical connections. Important efferent rathways are
directed to the medial pontine nuclei, a structure providing a
link to the cerebellum; the pontine reticular fcrmation, which
as described earlier, is connec*ed to all the other oculomotor
structures; and the superior colliculus (Kuypers & lawrence,

1967).

Electrical stimulation of the FEFs yield conjugate contralateral
saccades at low threshold and a relatively short latency of
about 15 msec (Robinson, 1972). Generally, stimulation of the

FEFs yield ‘results similar to that for the SC, saccades of
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realistic appearance, the direction and amplitude of which
depend upon the location stimulated, not the initial eye

position.

This last evidence might lead to the conclusior that the FEFs
effect eye movemerts by means of the SC. This can not be true,
however, because of the short latency of saccades following FEF
stimulation, and also because colliculectomy does not eliminate
this effect (Schiller, 1977). Furthermore, if both the FEFs and
the SC are stimvlated simultaneously, tke resulting saccade is
the weighted vector sum of the two saccades which would be
obtained by stimulation of each location alone, the weighting
factor keing the relative stimulus intensity (Schiller et al.,
1979). These findings indicate that both the FEFs and the SC
control eye movements by means of independent pathways which

converge on krain stem centers.

Given this independence in FEF and SC furction, an attractive
assumption is that the SC is the structure responsible for the
initiation of saccades made in resporse to a visual stinmulus,
while the FEFs organize saccades made spontaneously. However, a
major problem with the concept that the FEFs act to initiate eye
movement comes from single unit recording studies which have
found no cells in the FEPS which are activated priocr to the
onset of spontaneous saccades (Bizzi, 1968; Bizzi & Schiller,

1970; Guitton & Mandl, 1977; Mohler et al., 1973). However,



recently some brief reports of such units Lave appeared
(unpublished cbservatioas by Arrezzo et al., cited in Goff et
al., 1578; Bushnell & Goldberg, 1379), as well as one report of
gross recordings from the surface of fromntal cortex which showed

potentials preceding saccades (Rosen et al., 1978).

Excluding these controversial findirgs, recording studies have
generally reported that about one-half of the cells in the FEFs
respond to visual stimuli and show large, nonspecific receptive
fields. Almost one-half of these visual cells exhibit an
enhancement effect which is selective for saccades to a visual
stimulus in the receptive field of the cell (Wurtz & Mohler,
1976). Although the visval response of *the FEPs is similar to
that found in the superior colliculus, the latency is much
longer in the FEFs (50-120 msec versus 35-60 msec, cited in
Wurtz & Mohler, 1976), which is consistent with the hypothesis
that the FEFs are most active not before, but rather during and

after saccades.

The last cortical area to be discussed is the pcsterior parietal
cortex, correspcnding approximately *o Brodmann's area 7 (Figure
2). This area has a wide variety of anatomical connections with
other parts of the brain. Those important for oculomotor
control iaclude coanections with frontal eye fields, visunal
cortex, superior colliculus, pulvinar nucleus of thalamus, and

pontine nuclei (summarized in Robimson et al., 1978; Lynch,
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1980) . The classical conception of area 7 is that of an
association area where visual, somatosensory, and behavioural

irformation is analyzed and integrated (Robinson et al., 1978).

Some of the complex functions of area 7 are indicated by tuman
clinical findings. A major perceptual syrrtom of parietal
lesions in humans is referred to as "contralateral neglect."
Tkis is a lack of attention to the side of the tody ard the
visual field contralateral to the lesion (Lynck, 1980). When
human patients with such lesions are asked to draw pictures they
usually leave out details in the affected hemifield. Weinstein
(1980) describes one case of a man witlk neglect of the left
visual field, who when asked %o draw a daisy began by placing
petals only on the right side and then filled in the others by
rotating the page! Patients tend to avoid making eye movements
to the affected side, although they maintair the ability to do

so (Weinstein, 1980).

Primary evidence for the importance of thre parietal cortex irn
oculcmotor ccntrcl has come from recently accumulating
electrophysiological research. Several groups of researchers
have emphasized different functional aspects of this area
ircluding: spatially organized convergence of information from
di fferent senscry modalities (Hyvarinen & Poranen, 1974;
Hyvarinen, 1981), visual sensory functiors (Goldberg & Robinson,

1977; Robinson et al., 1978), and the control of eye movements
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(Mountcastle et ai., 1975; Lynch et al., 1977).

The last-men*ioned group has described different populaticns of
cells which were active in association withk saccades, smoocth
pursuit eye movements, or visual fixations. The so=-called
"saccade neurons" discharged on the average 70-80 msec prior to
saccade onset fcr visually-elicited saccades (Lynch et al.,
1977). These authors proposed the hypothesis that area 7 in the
parietal coxrtex coantains the neural mechanisms for the direction
of visual attertion to objects of irnterest including %the
apparatus necessary for the initiation of saccades. The visual
stimulus was thcught to be unimportant for this function because
of the reported finding that saccade neurons which responded
when a saccade was elicited by a small spot of light did not
respond when the came visval stimulus did not elicit a saccade

(Lynch et al., 1377).

In disagreement with this last point, Goldberg and Robinscn
(1977) performed a similar experiment and found that saccade
neurons which showed no visual response to a small stimulus did
in fact respond to a larger, brighter stimulus. These authors
maintain that all active cells in area 7 show a sensory Iresponse
and nore discharge reliably before movement when a stimulus was
not presented. However, as lLynch (1980) points out, a large
erhancement in the visual response which occurs only when the

stimulus is tke target of a saccade car also be considered as a
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sign of oculcmotor function.

For saccades made in the absence of a visual stimulus, a
plausible explaration for the lack of cortical single units
found to show a relialkle burst of activatior precedirg
spontaneous saccades is that some cortical neurons are activated
and do initiate each saccade, but it is not the same neurcns
which are activated prior *o each saccade. If this is the case,
gross recordings might give a better picture of what large areas
of cortex are involved in the production of saccades. 1A rmrajor
interest of the rresent research is the relative participation
of the frontal and parietal areas in visually elicited versus
non-visually elicited eye movements as revealed by
scalp-recorded event related potentials. The rnext two sections
will review cther relevant research which features this

technique.

Human saccade~related potentials

A great deal of research on electrocortical potentials preceding
voluntary movement has been done since Kornhuber and Deecke's
(1365) original report, however very little of it deals
specifically with eye movements. Most of the studies that have
investigated activity in the electroerncephalogram (EEG) related

to saccades were concerned with the potentials following the
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iritiation of eye movement, generally denoted as "lambda waves"
(Barlow & Ciganek, 1969; Fourment e+ al., 1976; Scott &
Bickford, 1967; Yagi, 1979). Since lambda waves occur after the
eye has started to mcve the observed waveforms may include
contributions from a) eye muscle potentials (Becker et al.,
1973); b) the ccrreo-retinal potential, a well known source of
EEG artifact; c) the visual evoked potential to the shifting
retinal image (Kurtzkerg & Vaughan, 1977; Scott & Bickford,
1967); and also d) a fpossible electropkysiological correlate of
the "corollary discharge," i.e. a burst of activaticn from motor
to sensory centers which signals the latter that altered sensory
input is due tc some voluntary movement of the organism itself,
rather than any change in the distal stimulus (Jeannerod,
Kennedy, & Magnin, 1979). Given the problems of interpretation
for rotentials cccurring after the initiatior of the saccade,
the present research has been limited to investigation of
pre-saccade activi*y only. This is a reasonable limitaticn also
because saccades are strictly ballistic movements of such short
duration. Carpenter (1977) reviews a number of studies and
states that saccade duratiom is a linear furcticn of amplitude
approximated ry 21 msec plus 2.2 msec for every degree of
amplitude, for saccades of five degrees or more. This means
that, fcr examrle, the execution of a relatively large saccade
of 2% degrees requires only about 50 msec, which is not =snough
+ime for visual feedback to be of use in contrclling any aspect

0of the eye movenent, and therefore the saccade must be
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preprogrammed.

0f the relatively few studies of pre-saccade potentials, the one
by Barlow and Ciganek (1969) was an extension of their
investigation c¢f lamtda waves. The single EEG channel recorded
in the experiment was a bipolar parietal-occipital derivation.
For the condit*ion in which the subject's task was tc look from a
dim spect to a bright spot, at a self-paced rate, the averaged
EEG showed a potential which was positive at the parietal
electrode and arpeared about 150 msec prior to the start of the

saccade (Barlow & Ciganek, 1969, figure 5).

Of the more recenrt relevart studies, t<he mos*t extensive
eXperimentation has been reported by Becker, Hoehre, Iwase, and
Kornhuber (1972, 1973), and comparable research has been
published by Kurtzberg and Vaughan (1973, 1377), which will be

discussed joinrtly.

In both series of experiments the subject's usual task was to
look back and forth between fixation points, not faster than
once every 2-3 seconds (Kurtzberg & Vaugkan) or 10 seconds
(Becker et al.). Both groups found, startirg up to 1 sec priocr
to the saccade, a slow negative-going potential, referred to as
either the Bereitshaftspotential (BP), or readiness potential
(RP), depending on chcice of language. This BP is very similar

to the negdtive slow potential found to precede self=-paced
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voluntary limb movements (Kornhuber & Deecke, 1965). According
to both grours cf researchers, the BP does not occur if the eye
movement is elicited by the presentation of a visual stimulus.
Actually, of course, there is no time for a slow wave to cccur
during the apprcximately 200 msec reaction time for saccades.
Becker et al. (1372, 1973) also repcrt a variation on the basic
experiment in which the subject's task was to look back and
forthk from a fixation point to a table of letters, each time
fixating a different letter, so as to spell out a word on
consecutive saccades. This more involving task increases the BP
amplitude for glances to the tablet, arnd also, interestingly,
markedly decreases BPs for the return saccade (Becker et al.,

1972).

Just before the beginning of the saccade both Becker et al. and
Kurtzberg and Vaughan report the occurrence of a positive=going
potential, starting approximately 150 msec before the saccade.
This waveform is alsc found just prior %o volurtary limb
movements and has been named the "Pramotorische Positivierung"

or PMP by the group in Germany.

One seeningly urresolved difference between the findings of the
two groups is that Becker et al. report maximal BP and PMP
amplitudes at the vertex (the top of the head, overlying the
frontal gyrus), less at frortal and parietal locations, and

least or no activity in the occipital region. Kurtzberg and
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vaughan (1973, 1977), on the contrary, report* maximal amplitudes
of both waveforrms at the parietal location, slightly less at the
frontal, and minimal activity at occipital and vertex sites.
Both groups of researchers do appear to agree on their bacic
explanation of kcth the BP and the PMP. Becker et al. (1973)
say that the BP is "a sign of the general preparation of
premeditated voluntary acts and that it is only indirectly
related to the initiation and the motor control of the
movement." (p. 104). The PMP is thougkt to correspornd to the
actual motor ccmmand to move the eyes (Becker et al., 1973). On
the assumption that the PMP is *the electrocortical potential
most directly related to the generation of the saccade, it is

therefore of major interest for this research.

Some other relevant experiments have been reported by Armington
(1978a, 1378b). In these two strikingly similar papers
Armington presents data showing BP and PMP waveforms quite like
those presented by the other groups. Armington's records
obtained from vertex seem to confirm the reports of Becker et
al., rather than those of Kurtzberg and Vaughan concerning the
presence of a large BP ana PMP at that locatior. However, one
difficulty fcr intergretation of these data is the fact that
Armington used "an auditory or visual pacing signal" (1378b, p-.

365) which is not further described.

An additional experiment reported by Armington (1978b) is at
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least suggestive of an interesting finding concerning the PMP.
When the size cf (rather small) saccades was varied in four
steps from 7 to 81 minutes of arc, the initial fositivity became
evident earlier with the larger saccades, possibly implying that

the duration of the PMP is a function of saccade amplitude.

Very recently Kurtzberg and Vaughan (1979) investigated the
scalp topography of potentials preceding visually triggered and
self-initiated saccades. As described in thkeir preliminary
report, the subject's task was to quickly move the eyes from a
fixation mark tc a dim target light whiclh appeared to the
opposite side of the fixation mark and to maintain fixaticn for
the c¢ne seccnd the light remained on, then to return the eyes +o
the original fixation mark. In another condition the subject
simply performed voluntary saccades between two stationary
fixation points. Kurtzberg and Vaugkan recorded EEG from seven
midline locaticns and analyzed the "slow positive antecedent
potential" which seems to correspond to Becker et al.'s (1972,
1973) PMP. For the triggered saccades the relative amplitudes
were largest at parietal and smallest at fronmtal locations,
while the return saccades showed the opposite, greater
amplitudes at vertex and frontal locations. The self-initiated
saccades, which were produced in the condition similar to that
used in the previous research, showed a mcre even distribution
of antecedent pctentials with the greatest amplitude at vertex,

confirming Becker et al. (1972, 1973) but not Kurtzkerg and
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vaughan's (1977) own earlier work.

In their latest paper, Kurtzberg and Vaughan suggest that the
triggered condition results in greater potential amplitudes over
the parietal lote because of the activation of cells in that
area which have been found to respond to visual stimuli which
elicit saccades (Lynch et al., 1977). ©Non-triggered saccades,
on the other hand, are supposedly more dependent uron activation
of the frontal eye fields (Mohler, Goldberg, & Wurtz, 1973).
Unexplained, hovwever, is why the return eye novements, which
were actually made in response to the offset of the target
light, should shcw more frontal and less parietal activity than

the saccades which were entirely self paced.

Another guestion I have about Kurtzberg and Vaughan's (13793)
results concerns the latencies of the saccades to the 1light
stimulus. The authors do not mention any actual values, tut
state that the initial positive potential started up to 350 msec
before the saccade onse*. Assuming a reasonable additional time
for retinal delay, the total reaction *ime (RT) to the light
must be no shorter than 400 msec, which is quite long comfared
to other studies and my own research. Alsc reported was that
for the five ont of twelve subjects whose records did not show
the early positive potential, there occurred an iritial negative
wave aprroximately 150 msec before movement. VWhether or not

this variability was related to average RTs or other variables
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was not discussed.

The major contribution of “he Kurtzberg and Vaughan paper is +*ke
evidence that a parietal-frontal distritution difference was
found, in the predictable direction, for positive potentials
preceding saccades in the experimental conditions employed.
However, because there was a different visual stimulus used in
the triggered condition (light omnset) from that used in the
return condition (light offset), which was in turn different
from that in the self-initiated conditior (no light) the evoked
potential contribution cannot be equivalent. As a means to
avoid this ccnfcurding, in the present study the same visual
stimulus is to ke presented before the saccade in all
experimental corditions, even though the instructed target of

the saccade will be different.

Evoked potentials and attention

Kurtzberg and Vaughan (1979) also repor*ed somne data on tte
visual evoked response to the target onset. They found f£or the
stimulus-synchronized averages a large enharcement of both early
and late components in the triggered conditicn compared to a
no-movement contrcl condition. An enhancement was also found
for a conditior in which a hand movement was the required
response. In this study the one quartitative measure of early

EP activity occurring before the movement onset consisted of the
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peak=-to-peak amrlitude for a positive/mnegative comfplex which
showed a more fparietal-occipital distribution for eye movements

compared to the precentral maximum for hand movements.

A number of other studies have investigated the influence on the
visual evoked pctential of a required hand movement. An
experiment by Eason, Harter, and White (1969) used stimuli
similar to those of the experiment to be reported here, 1 degree
in dijiameter lights presented 20 degrees left or right of a
central fixation mark. Evoked potentials were ob%tained from a
single derivatior with the active electrode at *the occiput. The
most prominent comfponent wacs a negative peak with a latency in
the interval of 130-200 msec, labeled N1l... When tke subject was
instructed to attend just to one of the two positicns and press
a button following +he occurrerce of stimuli at tkat side only,
this component acquired a much greater amrlitude for stimuli on
the attended side. A similar effect was fourd in a condition im
which the subject was required to accurately count the nunber of

stimuli on one side, but not make any immediate motor resgonse.

Confirmation of Eason et al.'s findings have been provided by
Van Voorhis and Hillyard (1977). These investigatcrs replicated
the earlier study and also recorded from a vertex electrode from
which a similar Nt component was observed. The results clearly
showed that stimuli which were responded to produced larger N1

amplitudes.’
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ore cther study that will be mentioned is less directly related
to the present experiment, but does provide important
irformation about the nature of the N1 evcked pctential
compcnent. Hink, Hillyard, and Beansor (1978) report that for
dichotically presented auditory stimuli N1 is ernhanced to all
stimuli presented to *he attended ear. This and other research

led these authcrs to suggest that +he amplitude of M is, an

index of the degree of selective attention the subject has
directed to the stimulus.

Human eye movement studies

The experiments discussed alove have all concentrated on
analyzing the EEG activity associated with very simple stimulus
conditions. Other research that directly relates to the
guestion of how saccades are programmed has investigated the
details of eye movements occurring under more complex
experimental situa*icns. The one study most relevant to the
present proposal was reported by Halle+t (1978). In this
experiment the visual stimulus was an oscilloscope spot which
would suddenly shift to one of eight positions equally spaced to
tke left and right. The subject's task was as follows for four
different conditions: 1) Normal saccade. The subject was %o
simply fixate the spot as soon as it has moved. 2) "Hypexr"

saccade. When the target moved to one of the three nearest



35

positions on either side of the fixation point, the subject was
to fixate one pcsition farther in the same direction. 3) "Hypo"
saccade. The sulbkject was to fixate oh a point cne-half the
distance to the *target. 4) "Anti" saccade. ThLe subject was to
fixate a poirt in the opposite direction to the stimulus jump at
the same absolute distance. Hallett found that, as might be
expected, subjects initially tended to make a large number of
errors in the last *hree conditions ard cournter to ins*ructions,
fixate the target. After some practice, however, subjects were
able to reduce the errcr rate to 5-7% and perform the required
saccades with some degree of accuracy. The major result was
that for the anti condition, although the arxrlitude vs. dvration
relationship of the saccades was very near normal (see
Carpenter's findings discussed above), the latency of the anti
saccades was clearly loanger than that of the normal saccades Lty
some 40-100 msec. The effect was similar, althcugh not as

large, for the hyper and hypo saccade corditiorns.

In discussing these results Hallett points out that ir the anti
task the laterally displaced stimulus is visually processed by
the corntralateral hemisphere, while the ipsilateral hemisghere
nust send out ttre motor command to activate the appropriate
medial and lateral recti muscles to turn the eyes away from the
stimulus (see Bender, 1980 for a review of the neurcanatony).
Hallett suggests that the increased time required for

trans-henispheric conduction acccunts for some of the added
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latency. Hallett also hypothesizes that in the anti task, the
subject responds by internally creating some kind of "neural
image" csomewhere within the braim a+ a location corresponding *o
the retinotopic projection of that part of the retinal herifield
contralateral to the retinal image of the displaced target. The
observed anti saccade raesults when the subject attempts tc
fixate thkis peripheral neural image. The ex*ra delay according
to Hallett can then be attributed to the time required for

construction of this neural image.

I personally favor a revised version of this latter explanation,
one which makes moie specific hypotheses about what parts of the
brain are involved in producing saccades. Specificalily, in the
normal conditior the saccade might be generated for the most
part by the parietal=coclliicular mechanisms discussed earlier,
which are highly involved in directing the eyes to visual
stimuli presented in the peripheral visual field. The
engagement of these mechanisms fer a stimulus-directed eye
movement juite possibly utilizes the fastes* pathways and the
most direct conections, resulting in faster reaction tinmes.
Saccades produced in *he anti ccndition can be considered less
visually elicited in that +the stimulus does not direct the eyes
to a particular location, but only supplies the temporal signal
for the eyes to move. Some other unknown parts of the brain
must be involved in prcgramming the appropriate direction and

magnitude of +t+he saccade. The arti condition ttrer might ke



expected to activate the frontal eye field area to a greater
degree, as was hypothesized by Kurtzberg and Vaughan (1379) to
be the case for their return condition. The research reported
here is intended *o investigate this question of
frontal/parietal distribution, at least to the degree of

localization possible with scalp-recorded EEG.

One general area of research related to Hallett's (1978)
paradigm is the so=-called "S-R cémpatibility effect." This term
refers to the finding that some response made to the left or
right shows the shortest latency when the imperative stimulus
occurs at the same side. When +the stimulus is presented to the
opposite side, an additional 40-80 msec is required to respond
(Cotton et al., 1980). Hallett's anti task can be seen in this
perspective as an examrle of an "incompatible"™ response in a
complex choice reaction time situation in which thezre are a
total of eight rossible stimuli and eight corresponding

responses.

Although most of the S=R compatibility research has employed
manual responses, two studies have used saccadic eye movements.
Bertera et al., (1375) reported both simple and complex RT
experiments for which the imperative stimulus was a tone
presented moraurally to the left or right ear. In the simple RT
situation the required movement in a block of trials was always

left or right, regardless of the ear stimula*ted. No difference
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in RT was found for this condition. For choice reaction time, a
monaurally presented low pitched tore signalled left movements
and a high tone signalled righ*t movements. In this case
compatible resrcnses (i.e. looking right in response to a high
tone in the right ear) produced faster responses by an average

of 54 msec.

Posner, Nissen, and Ogden (1978) refer to a simple RT experiment
in which both the eyes and the hard had *o move ir orne direction
in response to a light appearing to the left cr -ight. The eyes
generally responded faster than the hand and also showed a
larger compatibility effect of about 50 msec. Fosner (1378)
reviews this and other research and indicates that the more
straightforward experiment in which just an eye movemert is
required has also been performed, with similar results, although
the data which are illustrated (Figure 7.5) appear identical to
those previously described frcm Posner et al. (1978). Posner
(1978) also mentioned that at that time he was unaware of a
choice RT experiment investigating eye movement responses to

light stimuli.

Another impcrtant area of human eye movement research includes
investigations cf the effects of warring stimuli on the
programming of a saccade to a peripheral target. Ross and Ross
(1980) had subjects look at targets presented 15 degrees left or

right following a variable forperiod. The warning signal was a
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change in foveal stimulation resulting from stirulus onset,
offset, or change in form. Results showed that all three types
of warning signals were effective in reducing RTs with
forpericds of 300 or 600 msec, but stimulus offset was always
more effective than the other stimulus types and was the only
effective warning signal with a 50 msec forperiod. Whken the
central visual stimulus was presented after the peripheral
target, stimuolus onset significantly increased saccade
latencies, while stimulus offset had no such effect. The
authors alsc mention a preliminary experiment in which a manual
respcnse was required to the same peripheral stimulus. 1In this
case no advantage was found for stimulus offse%* rather than
onset in decreasing manual RT. A number of suggestions were put
forward to explain these results. Perhaps following the
presentation of rew informatior to the fovea saccades are
delayed in order to allow for informatior processing before
irterference occurs from subsequent visual input. In support of
this is evidence cited from Potter and lLevy (1969) which showed
an almost complete suppression of spontaneous saccades when
subjects were presen*ed with a rapid succession of pictures
(4-8/sec) . Ross and Ross suggest that the interference effects
of stimulus onset in their experiment migh* result from scme
automatic process which delays all eye movements following a new
stimulus, or else possibly a microsaccade occurs tc the central
stimulus which delays the saccade to the target because of the

imposition of a refractory period whiclk is normally found to
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separate saccades of all magnitudes (e.g. Carrenter, 1377).

A comparable experiment investigating the effects cf the
interval betweer fixation stimulus offset and target onset has
been presented tky Saslow (1967a). This study used four target
lights spaced at 4 degree intervals left and right of the
central fixation light. A buzzer signaled a fixed forperiod of
1500 msec before target onset. At some time ranging in 50 msec
intervals from 400 msec before to 350 msec after target onset
+he central fixation light extinguished. Wher the fixation
ligkt offset occurred 100 msec or mcre prior to target onset RTs
were fastest, akcut 150 msec. Simultaneous offset and onset
produced RTs averaging about 200 msec. When the central
fixation l1ight offset was delayed until 100 msec or more after
target onset RTs were further increased to about 250 msec. The
same effects were found with either blocks of trials with the
same asynchrony or else scrambled trials. I think this last
result is important fcr interpreting the previous study for tte
following reason. Since the buzzer was the orly constant
forperiod warning signal for the scrambled trials the fixaticn
light cffset prcvided no temporal information as to when the
target would appear. This implies that it is not the case that
stimulus offset, as opposed to onset, is simply a more accurate

tempcral cue and is therefore a more effective warning stimulus.

The explanation that Saslow offers for the reduction in RT when
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central fixation light offset precedes target onset is sirmilar
to one suggesticn made by Ross and Ross (1980) and mentioned
above, that microsaccades occur more frequently wher a sukject
is provided a fixation point and the refractory interval
following a micrcsaccade delays the initiation of a saccade to
the target. 2After rereading Saslow's article I have an
alternate explaration for scme of these results, which, while I
do not necessarily believe it to be true, does suggest some
further experimentation. For the identical neon bulbs used by
Saslcw, the offset of one light followed after a delay by the
onset of another light at a displaced retinal pcsition is the
type of stroboscopic stimulationr which carn produce apparent
motion (also referred to colloquially as *the movie-marquee
effect). If the same visual mechanisms are employed in both the
detection of motion and the direction of the eyes towards
objects in thke visual enviroament, it seems a plausible
hypothesis that stimuli resulting ir strong apparent movement
will also be effective in evoking a saccade with a mirimum
latency. Physiclogically, there is eviderce that stroboscopic
stimulation activates the same retinal ganglion cells which
respond to actual movement of an object in the same preferred
direction (Barlow & Levick, 1965). Those ganglion ce2lls which
show the greatest response to movement also have large receptive
fields and are in the class of the largest and
fastest=-conducting cells in the optic rerve, the Y¥Y=-cells

{Cleland, DGbin, & lLevick, 1971; see alsc *Fe review by Storne et
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al., 1973). According to my explanation these velocity
selective Y-cells whick project to both the visual cortex and
the superior cclliculus will show the earliest response to
peripheral light onset because they are facilitated by the

previous central light offset.

Some aspects of Saslcw's data do seem consistert with the idea
that the optimal conditions for stroboscopic motion produce the
fastest saccade latencies. 1In Saslow's experiment the targets
were located at U or 8 degrees from center. The delay between
center offset and target onset which results ir the maximal
apparent motion (and shortest RTs) should be larger for the 8
degree target thar the 4 degree target. Unfortunately, Saslow
does not preser* any RT data for individual targets. However,
each analysis cf variance of the four reported (two replications
for each of two subjects) shows a significant interaction of
target location and asynchrony which would be predicted from the

above hypothesis.

Another interesting aspect of Saslow's results is that the
intérval between center offset and target orset which showed the
smallest RTs was 200-300 msec, which corresponds to an image
velocity of 20-30 degrees per sec fcr +the average target
excentricity. This compares closely to the optional velocity

for apparent moction, 15-25 degrees per sec (Kolers, 1964).
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A simple test of the above explanatior would be to replicate
Saslcw's experiment using targets at different distances fron
the center and thereby determine if the ortimal asynchrony is in
fact directly related to the retinal excentricity of the target.
Another suggested experiment might be to presen+t the center and
target lights to opposite eyes. This condition should result in
greater RTs at the optimal asynchrory for binocular stimulation
because apparen* motion is reduced with dicoptic stimuli
(Frisby, 1972). A few additional comments will be made alout
this guestion after the following discussion of some of the

other relevant researche.

One stimulus paradigm which has beern used in a number of studies
is the presentation of two successive targets in different parts
of the visual field. 1In an early study by Wheeless et al.

(1966) a light cn a CRT screen moved from center fposition to €
degrees left or right. On less than half of these trials the
light was extinguished after 50, 100, or 200 msec and reafppeared
6 degrees tc the orposi*e side of center. The *wo=-light
stimulus was referred to as a "pulse-step," while single targets
were called "steps." Results showed that regardless of the
duration of the rulse, when the eye zesponded only to the step
the reaction time was the same for all pulse-step trials and
equal to the reaction +ime to the step alone plus 40 msec.
Wheeless et al. interpre* this 40 msec period as the time

required by the nervous system to cancel tke programmed response
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to the initial pulse.

A more recent study by Becker and Jurgens (1979) reported a 20
msec increase irn RT for similar experimental conditions. A
possible expanation for the reduced effect might be related to
the greater complexity of the s*imulus conditions used in this
experiment which consisted of single s*teps arnd pulse-steps
randomly presented in any of five different stimulus positions.
The step could te in the same direction as the pulse, or ir the
opposite directicn bu+ of ore half or equal amplitude. The
major finding of Becker et al. is that whken the eyes perform two
saccades, the time interval between the first ard second is
inversely related to the latency of the first. This is
concluded to indicate that the visuomotor sys*tem is programming
the second saccade before the first one begins; if there is a
greater delay before the first more of this programming can be

completed and therefore the intersaccadic interval is shortered.

Further research on this question has been reported by Hou and
Fender (1373). 1An important feature of this study is that the
eight stimulus fositions used were equally spaced arourd a
circle and both the vertical and horizontal comporents of eye
movements were recorded. For pulse-step trials in which the
step is in ar crposite direction to the initial pulse, when the
eye does not follow the pulse but moves directly to the location

of the step there was for all crientations an increase in
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reaction time similar to that found by Wheeless. However, when
the final stimulus lccation was adjacent to that of the initial
pulse (i.e. the stimuli were separated by jus*t 45 degrees on the
circle) RTs were much fas*ter and not different from RTs to
single steps. If the pulse and step were in orthogonal
directions this condition produced RTs as long as those feor
steps tc the orposite side. These results are consistent with
those reported ky Komoda et al. (1973) which showed smaller RTs
when the pulse and target were in the same directicn rather +han
in oppcsite directions. Hou and Fender (1979) discuss these
findings in relation to Wheeless et al.'s cancellation theory
and the programming of the agonist and artagonist muscles

effecting the saccades,

Another possible explanation is the suggestion offered earlier,
that some motion-detection mechanism is responsible for
signalling the fastest responses. This theory would also
predict that the saccade made in response to a target step would
be faster if a target pulse occurs in the same direction. If
the pulse is in the cpposite or orthogonal direction possibly an
inhibitory connection between the different orientation-specific
detectors activated by the two stimuli is responsible for the

observed increase in RT.

Ir support of the above the last research to be discussed in

this sectich cconcerns an interesting phenomernon of the
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relaticnship between saccades and smooth pursuit eye movements
elicited by a step=-ramp stimulus. Normally, if the eyes attempt
to track a target light which suddenly starts moving at a
constant moderate velocity (a ramp movement) the eyes first make
a saccade in the direction of movement and ther accurately track
the stimulus with smooth pursuit movement. This initial saccade
functions to overcome the reaction time of the smooth pursuit
movenmert and allcw foveation of the target without requiring any
modification in the velocity of the smooth pursuit movement.
When the target only ramps in one direction this initial saccade
is always observed. If, however, there is a step movement of
thke target in the opposite direction just prior to onset of tke
ramp, the saccade is reduced or absent (in mar, Rashbass, 1961;
Wheeless, 1366; in monkey, Fuchs, 19€67). 1Bs might be expected,
the optimal stimulus parameters for eliminating the saccade have
beern found to ke a step magnitude in degrees .15 to .2 times the
ramp velocity in deg/sec, so that the target recrosses its
initial position after about 150-200 msec (Fobinson, 1965),
approximately cne reaction time. An initial saccade cannot be
prevented by using a target stiamulus which increases in velocity
gradually rather than suddenly (Fleming et al., 1969). The
suggestion cffered here is that the saccade made in the
direction of the ramp is triggered by some motich detector
mechanism which responds to the ramp, but that activation of
this mechanism is inhibited by the target step in the oppcsite

directicr.
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Trte foregoing discussion has digressed somewhat frcm the fpresent
topic, but was included to illustrate some of the important
aspects of oculcmotor function which have been revealed by eye
novement recordings in studies utilizing more complex
experimental situations. A basic idea behind the present
research is tc inccrporate some of this experimental
sophistication in a study which also records other measures of
nervous system functicn, namely event-related potentials.

Further details are presented in the following sections.

Rationale for the present research

This research relates to the general problem cf how the brain
organizes saccades. Of the possible means by which *his
gquestion may be approached, the one selected is the analysis of
cerckral potentials recorded from the scalp immediately
preceding the start of eye movement. Scalp potentials, even
though they dc ccrresgond to some aspects of brain activity,
provide little infcrmation as to the physiological process
responsible and its anatomical locus (Goff et al., 1978). Even
though such measures do not indicate what the braim is doing or
even what rart is doing it, if scalp potentials do show a
significant difference related to experimental conditions then

it may be légically inferred that there is some corresponding
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difference in rkrain function.

A major requirement of such a research approack is that in order
for recsults to te interpretable the experimental design must
allow for the rejection of alternate explanations for the
differences obtained. The experimenter's burder is *o devise
conditions which isolate the causative factors from other
plausible influences. An objective of the present research is
to identify thke rarticular situational variables which account

for observed differences in *the potentials preceding saccades.

One Lasic question to be considered is hLow the brain organizes
eye movements which are visually elicited in comparison to those
which are self-initiated (i.e. not triggered by a visual
stimulus). A pcssible hypothesis is that all saccades are
generated by the same brain mechanism regardless of other
factors. There is no reason to expect, therefore, that the
scalp potentials sigraling the activation of this mechanism
should be influenced by precursory or subsequent conditions. 1If
a visual stimulus cccurs prior to the saccade other sernsory
processing mechanisms will be activated as well, but these will
be independent of the saccade-generation process. This
hypothesis is ccnsistent with the view that sencsory and mctor
functions may be considered as separate systems. Stimulus-
evoked potentials and movement-related potentials, while they

might overlarp ir time, should nct otherwise interact.
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Ar alternate hypothesis, the one which this writer finds more
tenakle, is that motor functions are inherently interconnected
and integrated with sensory functions. This hypothesis is
consistent with the idea that the movement-related potentials
preceding saccades will be influenced by the situation in which
they occur. The present research is designed tc investigate
some acspects of the visual stimulus and saccade response
relationship in terms of the asscciated event-related
potentials. More specific statements of the problems to te
addressed in this study wil]l be presented following a discussion

cf scme additioral considerations from other research.

As reviewed earlier in the iptroduction, much of the previous
research on movement-related potentials has concentrated cn the
slow negative wave (the BP) which arises up to one second prior
to the start of a saccade. It is obvious that the BP cannot ke
a necessary precursor of movement because stimulus-elicited
rovenents occur after a much shorter reaction time during which
the BP could not theoretically appear. RAncther possibly
important methcdological aspect of the published research is
that the subject is required to maintain fixatiom for a
relatively long time (e.g. 10 seconds, Becker et al., 13973)
tetween each saccade, while humans not instructed *o fixate
normally mcve their eyes more than once a second (Carpenter,

1977). Theé BP therefore can be considered to occur during an



interval when the sukject must inhibit the performance of a

mroverent.

Risking some ccntroversy, I might also mertion *hat a similar
negative slow wave (which in this situation is referred to as
the "ccrntingent nega*ive variation" or CNV) is observed in a
fixed-foreperiod warned reaction time paradigm during a one- to
several-second interval separating the warning and imperative
stimuli. The subject is instructed to make no response prior to
the imperative stimulus. Put another way, the subject's task is
to inhibit a response during this interval. Viewed within the
conceptual framework of classical conditioning, since the
warning stimulus is always paired with the imperative stimulus,
a conditioned responsce should arise shortly af*er the warning
stimulus. Consistert with this idea, Rebert and Knott (1370)
reported that the CNV started about one-half second after the
onset of the warning stimulus, a time interval equal to that
which yields the fastest learning of a conditioned response in
classical corditioning. A final point to be mentioned as
supporting evidernce is that, as is well kncwn to CNV
researchers, an inexperienced subject in a CNV experiment is
frequently fourd to (incorrectly) make a resporse to the warnirg

stimulus, particularly on the first few trials.

In conclusion, the suggestion put forward, based on the akove

considerations, is that BPs (and CNVs) are observed in



experimental situations which require subjects to withhold or
delay the execution of a response, and therefore the slow
regative wave might correspond more closely to activation of a
mechanism for response inhibition rather than response
generation. Regardless of the validity of this last statement,
it is still true tha* the BP cannot be an electrical sign of the
process by which the train initiates a volun*tary movement simply
because it appears a* too great a time interval before movement

onset.

As Deecke et al. (1976) also conclude in their review of the
German group's research on movement-related potentials, the
pre-motion positivity (PMP) is the cerebral potential mos+
likely *o reflec* the motor command for movemert. Furthermore,
the distribution of this potential, with a maximum amplitude
over the parietal cortex, is consistent with the parietal
localization of the rovement command mecharism which is also
suggested by human clinical fimdings, as well as much animal
research (recently reviewed by Lynch, 1980). Anatomically, the
rich interconnections both within parietal cortex somatosensory
association areas and with other sensory cortices, as well as
major descending pathways to subcortical motor areas,
particularly the cerekellum and basal ganrglia, make the parietal
cortex a likely site for a movement command mechanism which
rTequires direct access to sensory irformation for appropriate

functioning.
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Accordingly, a major objective of the [fresent research is to
investigate the PMP as an electrical sign of the mctor command
for eye movements and in particular whether it also reflects no*
just motor outflow, but also relevant sensory input. As
indicated in the discussion of the rationale for event-related
potential research, simply observing a PMF provides 1little
irformation akout the underlying mechanism. On the other hand,
finding that this potential is influenced by other experimental
variables, independent of *the movemen* itself, would contribute

some additional kncwledge about how eye movemen+s are organized.

Objectives and design considera*ioas

Given this rationale, more can now be said about the
experimental conditions for which event-related potentials are
to be investigated. 1In spite of the ccmments made about
previous methods cf research with self-initiated movements as
being not comparable with stimulus-elicited movement, it is
thought necessary to irnclude a self-initiated ccndition ir the
present study. This will make possible comparisons with other
research findings as well as constitute a necessary contrcl fcr

the stimulus-triggered reaction=-time conditiomns.

Before describing the cther experimental corditions, some

distinctions will be made for the terminology +c be used. The



tern "stimulus-elicited" will be used when the conset of the
stimulus is the cue for initiating a saccade ard the stimulus
itself is to be the target of the saccade. "Visually-triggered"
is used to describe the situation where the saccade is initiated
following stimulus onset, bu* does not necessarily redirect gaze
to the location of the stimulus. Visually-elicited saccades are
therefore also visually triggered, althkough the converse is not
true. The importance of this distinction is that a stimulus
which elicits a saccade might activate a brain mechaaism such as
that found in the superior colliculus for directing the eyes
towards a visual target, while a saccade made in some other
direction would have to be organized by a process which ircludes
some extra=-visual input in order to produce a saccade in the

correct direction.

The method chosen for this study is a simplified version cf
Hallett's (1978) paradigm in which for each trial a stimulus
light appears either at the left or righ* of a central fixation
point. Following Hallett's terminology, in the "normal"®
condition the saccade is visually elicited, i.e., directicn and
amplitude, as well as the time for initiation, is specified Ly
the stimulus. In the "anti" condition the stimulus provides the
tempcral cue for ini*iation of the saccade, but the saccade must

be made in the opposite direction, as required by instructions.

The advantagé scen in this method is that (for left and right



trials combined) the same visual stimulus is presented in both
conditions and the required motor response is also identical.
The only difference is whether or rot the stimulus directior is
the same as the required direction of movement. Both conditicns
are twc-choice reaction time situations, and urlike Hallett's
more comrplex method, e€ach required response is cf the same
amplitude. Conceptually the experimental variable tested with
these normal and anti conditions is the relationship between
stimulus and Tesponse direction, which could also be considered

as S=R compatikility.

A major objective of this study is *o determine if this variable
has an influence on the event related potentials preceding the
movement. Such an effect on the PMP would suggest that this
potential relates to more than just motor ou*flow, but also the
integration of sensory information related *o *+he intended
movement. The evoked potential to stimulus onset, in particular
the early compcrents occurring prior to the start of the PMP,
will be investigated for a possible effect of the nature of the

Subsequent respounse.

A major concern for the design of this study has been to make
the ncrmal ard anti cornditions the same except for the single
factor of the relationship between +the direction of the stimulus
and the directicn cf the saccade. A possible confounding

variable which remains, however, is the difference in visual
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stimulation following the saccade, which is alsc dependent ugon
the task factor To exrlain this, in both of *he experimental
conditions proposed so far there occurs first a peripheral
visual stimulus, then a saccade is produced, and then there is
effectively another visual stimulus, i.e. *he stimulus light a*
the fovea (ncrral condition) or the stimulus light in *he far
periphery (anti condition). The saccade car be considered to
separate the +two stimuli because of the well-known phenomenon of
saccadic suppressicn, the reduction of visual perception at the
time of a saccade (reviewea by Carpenter, 1977). 1In the nornal
condition the eyes saccade toward the target and +hen a fcveal
stimulus is received. In the anti condition the eyes move away
from the target and a periphkeral stimulus is received. A
concern, therefore, is whether any difference for the normal and
anti conditicns might not entirely be due to the eye movement

response per se, but also to the subsequen* visual stimulation.

One possible reason for such an effect would be that when the
subject saccades tc the target the offset of the stimulus
provides information concerning the subject's reaction time. 1In
this study *he visual stimulius has a duration of 500 msec and
therefore the subject will perceive the targe*: briefly before it
terminates. Assuming that the duration of the stimulus may be
more accurately estimated when seen foveally instead of
peripherally, the subjec* might be more encouraged to minimize

reaction time ir the normal condition in order to receive a
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longer glimpse cf the target. A factor such as %this would
correspondingly have an influence on the event related

potentials observed for this corditior.

Another reason for investigating the possible role of
post-saccade stimulation relates *o plasticity in
visual-oculomotcr prccesses. If for visually-elicited saccades
there is activation of some mechanism specific for the direction
of gaze *towards a visuwal target, perhaps successful foveation is
necessary to maintain the rormal function of this mechanism over
repeated trials. Although this is purely speculative, a good
example of the type of plasticity suggested has beer found for
vestibular nystagmus, the compensatory movemen* of the eyes that
occurs with rotaticn of the head. Gonshor and Melvill Jones
(1976) had subjects wear reversiag prisms which made the visual
field move in the opposite direction during head rctation.

After a few days vestibular nystagmus, tested in the dark, was
found to be reversed inr direction. This indicates that the
presumably simple vestibulo=-ocular reflex mechanism was actually
highly modifialkle by alteration of the movement-related visual

iaput.

Besides the reasons stated above there might cf course be sone
other unidentified factor associated with post-saccade visual
stimulation which would influence the results for the normal and

anti tasks. In order to investigate these possibilities two



additional experimental conditions have beer included which are

described below.

The method used in this study *o investigate the role of
post=saccade visuval stimulation is to experimentally make
independent the retinal loca*ior of stimulaticr following the
saccade and the directicn of the saccade. This can be done
easily for the limited stimuli used in this study by having the
saccade~detecting circuitry turn off the target stimulus at the
onset of the saccade and turn on the light at the ofposite side.
The rresent study will *therefore include two additional
conditions in which the stimulus 1ligk* moves to the opposite

side of the screen during the saccade.

For reasons of clarity inm discussing the design of this
experiment *he labels "same" and "opposite" will be used to
describe the post=saccade stimulus locaticn for these
conditions, rather than "foveal" and "peripheral" because the
latter of course depend upon the subject's eye movement and not
just the experimern*al manipulation. Ir the "normal saccade,
opposite (post-saccade) s*timulus”" conditior, the eyes saccade
toward the target, but durirg the saccade the stimulus changes
to what becomes the far rperiphery inr the opposite direction as
the saccade (see Figure 3). In this conditionrn the initial
stimulus and the final stimulus are exactly the same as in the

original anti ccrnditiorn, only the direction of eye movement is
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Figure 3. Schematic representa*ion of the four reactior tinme
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Each box depicts the initial stimulus
position prior to the saccade (top) and the final stimulus and
fixa*ion fositions (bottom).

stimulus posi*tion only.
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different. Sirilarly, the other additioral condition consists
of ™anti saccade, opposite (post=saccade) stimulus" in which the
subject is instruocted to look away from the target, but during
the saccade the light moves to the new positiorn of gaze,
resulting in the same foveal stimulus as in the original rormal

condition.

Ir addition to the four RT conditions described above and the
self-injitiated condition mentioned earlier, cre more condition
is necessary irn crder tc investigate the evoked potential to the
stimulus. In the "no saccade" condition the same visual stimuli
will be presented, but the subject is instructed to maintain
fixation. Results from this conditior will be cf use in
identifying the stimulus~evoked potentials observed in the four

RT conditions.

Met hods

Apparatus and data recording techniques

FEEG was recorded with Beckman Ag=-AgCl electrodes attached at
standardized lccaticns according to the international ten-twenty
system (Jasper, 1958; see Figure 2). Three channels were
derived frcm frcntal (Fz), precentral (Cz or vertex), and
parietal (Pz) sites along the midline, referenced to a linked

pair of electrodes attached to left anrnd right mastoids. 1In
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addition, one bipolar derivation was obtained from electrodes
located over the central sulcus a* homologous left and right
positions (C3 and C4, respectively). Horizontal eye movements
were recorded as the electrooculogram (EOG) from ancther rpair cof
electrodes placed at the outer canthi of the two eyes. An

electrode on the forehead served as a ground.

At each electrode site the skin was first prepared by cleamnsing
with rubbing alcohol and light abrading with Redux electrode
paste, which contains ground quartz. The electrodes placed on
the scalp were attached with Grass EC2 self-adhesive electrocde

cream; for the cther electrodes adhesive collars were used.

Three channels cf EBEG derived from the midline were amplified ty
Grass model 10 amplifiers set for a one-half amplitude bardpass
of .3 to 300 Hz. As crly three functioning Grass amplifiers
Wwere available, +he C3=-C4 derivation and the EOG were amplifiea
with other physiolcgical amplifiers desigred at Penn State
University which were set for 3 db frequercy cutoffs at .07 and

500 Hz.

All four channels of EEG were amplified with a gain of 5000 and,
along with the amplified EOG, were conducted to a 12-bit analog-
to-digital converter controlled by a Data Gemeral Nova 3/D

minicomputer. The EOG was also used to detect the beginning of

each saccade by means of an electronic trigger. The amplified
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EOG signal was full-wave rectified and input to a voltage
comparator circuit which produced a pulse cutprut when there was
a change in EOG corresponding t+o approximately 2 degrees of eye

movemrent.

For each single trial the computer digitized 1024 da*a values at
one msec intervals for each channel. Rt the beginning of each
trial a 900 msec epoch of the most recent data was continuously
stored in memory which enabled data collection for each trial tc
start 900 msec before the trigger pulse and end 124 msec after

(see Figure 4.).

A digital marker channel was also recorded alorg with the five
analcg da*ta charrels. TFor the four RT conditions a marker
signal turned on at the time of stimulus onset and turned off
when the EOG circuitry detected a saccade. This marker signal

therefore indicated the subject's reacticn tinme.

The marker channel also recorded a second marker pulse of lower
amplitude which was activated by the EOG trigger. Because the
trigger circuitrzy was a.c. coupled to the EOG signal, the

rigger output "Lkounced" followirg the saccade and the marker
pulse is therefore not interpretable with respect to kimematics
of the eye mcverent. Not indicated on the marker channel is the
visual stimulus presented immediately following the onset of the

saccade, which was not affected by any bource in the trigger
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Figure h. Timing diagram fcor the RT conditions. Shown is a
simulated trial with a RT of 300 msec.
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output.

The subject sat in a ccmfortable chair with a high cushioned
back which provided support for the head. 1A bite bar or chin
rest was not used as pilot work had found that these restraints
produced an increased amount of myogenic artifact in the

recordings.

The subject faced a translucent screer 1 m away upon which the
visual stimuli were tack-projected. TLe screen was placed in a
window connecting the electronically-shielded subject room and
the adjoining labora*tocry control room. Lights in the control
Toom produced a constant screen luminance of .7 cd/sq.m and
provided the only illumination in the subject room. Attached to
the screen were three circular fixatiorn marks located at the
center and 14 degrees left and righ+. One of these fixation
circles is illustrated on the title page where it surrounds the
“C" in the copyright symbol. The visual stimuli were circular
dots of light, slightly less than 1 degree ir diameter, which
were presented at the location of the left or right fixation
marks. The lights were projected by two slide projectors with
electronic shutters. The luminance of the stimuli cn the screen
was 5.2 cd/sq.m. The computer and logic circuitry in the 1lab
were programmed so that for each trial initiated by the
experimenter, one shutter wculd open and remain open until

either 500 msec elapsed or the EOG *rigger detected the
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beginning of a saccade. When a saccade was detected the first
shutter would clcse and the other one oper for the remainder of
the 500 msec period. As measured by a photocell, the delay fror
the FOG trigger to the second shutter opening was noct more than
7 msec. The seccnd slide projector contained slides that were
either the same (left or right stimulus) as those in the first
projectcr, or else different (opposite side). If both slides
wvere the same *+he stimpulus would appear stationary to the
subject, but if the slides were different the stimulus wotld
appear to move tc the opposite side of the screen when the
subject made a saccade. In *he "same" condition the projectors
were always switched when the eyes moved, even though the
identical stimulus was presented, in order to ensure that any
possible instrumentation artifacts were equal for both "same"

and "opposite" conditions.

Subjects

Seven male and five female university students served as
subjects. An hcnorarium of $7 was offered for participation.
An additional three subjects were run but the resulting data
vwere not used, for the following reasons. In one case the
subject's EOG shcwed abnormal eye movements (dysconjugate
saccades). For the other two subjects the combination of
subject error (looking in the wrong direction) and malfunction

of the reccrding equipment or experimenter error resulted in too
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few accer*able *rials for at least one experimental cordition.

Procedure

When the subject arrived the various experimental conditions and
the electrode application procedure were briefly explained and

the subject was asked to sign a consernt form.

After this was dcne and the electrodes were applied the subject
was given more detailed instructions ard a series of practice
trials. The four conditions in which the subject's task was to
move their eyes in response to the visual stimulus (referred to
as the RT conditions) are depicted in Figure 3. The "normal"
task was +o maintain fixation on the center fixation mark until
the spot of light appeared to the left or right, and then to
make a single eye movement and fixate the light. The eye
movement was to be made as fast as possible. 1In the "same"
stimulus condition the light would remain at the same location
at which it first apreared, while in the "opposite" stimulus
condition the light would shift to the opposite side of the
screen when the subject's eyes started *o move. 1In the latter
case, the subject was instructed not to try and follow the
light, but to maintain fixation at *the location the light first

appeared.

For the other two RT conditions the subject's task was, when the
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light appears at the left or right, to move the eyes as fast as
possible and fixate the mark on the opposite side (™anti" task).
In the "anti-same" condition the light remained where it first
appeared, while in the "anti-opposite" condition the light would
move to the opposite side of the screen when the sukject's eyes
started to move. The result of this is tkat evern though the
subject looked away from the original stimulus, the light would
ke at the center of gaze after the eye movement. Tke subject
was instructed to only make a single eye movement ard not to
attempt to look away a second time. Before each trial the
subject was giver a verbal "ready" sigral at a variable interval
of a few seconds before the experimenter initiated the tr-ial.
Tre subjec*t was irnstructed to fizxate the center fixation mark
ard minimize eye blinks and head movements following the "ready"
signal. The sultject was not allcwed to chew qum during the
experiment. At least five practice trials were conducted for
each of the four RT conditions until thLe experimenter felt that
the subject understocd *he instructions and was performing

reliably.

Two other control conditions attempted to separate the evoked
potential frcm the mcvement-related potential. 1In the
"self-initiated" condition no visual stimulus was presented.
The experimenter would simply say "left" or "zight" after the
"ready" signal. The subject was instructed to first fixate at

center following the "ready" signal and to wait a couple cf
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seconas and then move the eyes to the approfpriate left or right
mark on the screen. The experimenter made sure that the subject
did wait a short time before making a saccade. Left and right
movements were altervated, except if some artifact occurred or

the trigger failed the same movement was repeated.

The cther contrcl condition was intended to investigate the
evoked response to the visual stimulus. 3In the "no saccade"
condition the subjec* was instructed not to move the eyes at
all, bu%t to mairtain center fixation urtil the light turned off
after 500 msec. The subject was instructed to simply "detect"
the stimulus. An egqual pnumber or left and right stimuli were

presented in random order.

For each subject a single run of 20 trials was executed for each
of the six conditicns. One of the two control conditions was
presented first and the other control cornditicn was presented at
the end of the experimental session. The order of the control
conditions alternated over subjects. The order of the four RT

conditions was randomized over subjects.

Results

Preliminary data treatment

For each subject the data collected during the experimental
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session consisted of 20 trials for eachk of the six conditiors.
As the first stage of analysis the EOG channel of each trial was
visually inspected in order to identify those *rials not to be
included in the averaging process. Trials were rejected if
there was evidence of an eyeblink, if the subject made an eye
movement in the wrong direction or of longer latency than 500
msec, or if the *rigger circuit malfunctioned and "detected" a
saccade early or late. Because of these rejected trials the
minimur number remaining for each average of left and right
saccades was six (out of a possible ter). For each condition
the left and right trials were first averaged separately and
then these averages were averaged together, in order to ensure
that the final average was weighted equally for left and right
saccades. Corsequently, the averages show an ECG record that is
flat except for the effects due to a difference in reaction tinme

for left and right mcvements.

The averages tc be described in the following sections were
calculated in two different ways. Since the original data were
collected with respect to the onset of the saccade the usual
type of averaging yields event-related potentials which are
time~locked to the resronse and which will be described under
the heading "movement potentials." The onset of the visual
stimulus occurred at a varying time before the resgonse
(corresponding to cne reaction time). The averaged marker

signal showing stimulus onset will therefore indicate the range
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of reaction times, reversed in time. Since in the method of
this study the marker signal was recorded via the computer's
digital semnse lines rather than as a digitized analcg channel
which would unravcidably contain some roise, median reaction time
can be calculated with 1 msec precision and withou* any loss of
accuracy simply by locating the half-amplitude value in *he

marker channel average.

The cther method of data averaging used in this study wvwas
required in order *o investigate the evoked potentials to
stimulus onset. This was done by first shifting in time all six
channels of recorded data for every individual +rial so that the
stimulus onset, as recorded on the marker channel, vwas located
at the same time point for each trial. When tlrese re-oriented
trials are averaged, the resulting waveforms are equal to what
would have been chtained if the data sampling was originally
synchronized +o tke stimulus, which is the normal method for
evoked potential research. The marker channel, so averaged,
will show the abrupt onset of the initial stimulus. However, it
should be pointed out that Lecause of the cther marker pulse
from the EOG trigger recorded at the time of the saccade, the
graduval offset of this marker does not accurately indicate

Teaction times.

Reaction times

From the averaged marker channel the median reacticn time was
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found for the four applicable conditions for each subject.

Means for all 12 subjects are graphed in Figure 5. Raw data are
included in Appendix A. Con*rary to expectations, there was no
significant effect of the normal vs. anti task. Averaged over
the same/opposite stirulus condition the normal task resulted in
saccade latencies only 2.2 msec different from the anti task.

O0f the four conditions, normal~-same showed the fastest RT,
normal=cgpposite the slowest, while both anti conditions were
intermediate. 2 2x2 analysis of variance fperformed on these
data found nc¢ significant main effect or interaction (see

Appendix B).

Evoked Potentials

For the four RT conditions the individual trials which were
recorded with respect to the occurrence of the response were
also re-oriented and averaged about the onset of the stimvulus
light. Stimulus onset for these averages was set to occur 500
msec after the keginning of the record. Since for these
averages +he data are synchronized with respect to the visual
stimulus, the averaged waveforms can be interpreted as
containing the evoked potential (EP) to tke light onset,
although pre-movement potentials will also contribute at longer
latencies. As the first step in analyzing across—subject
condition effects grand averages were computed from all tuelve

subjects' data. Figure 6 presents these stimulus-oriented
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Figqure 5. Reac*ion times (latencies of saccades) for four
experimental conditions. Values shown are mears of all 12
subjects' median RTs.
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averages for the fcur RT conditioas and the no saccade
conditior. One promirant feature in all the midline EEG
averages is the negative (downward) peak which appears in both
the KT and the no saccade conditiors. For these grand averages
the latency cf this peak falls within the range of 167 to 175

msec for all corditions and electrodes.

Averages for each of the 12 subjects were visually inspected for
a negative peak with a latency close to that found for the grand
averages. Data for 11 of the 12 subjects showed a clear rpeak

within the range of 150 *o 200 msec. The other subject, MW, did
not appear to produce a consistent negative EP component and was

+herefore excluded from the following analysis.

Prior to computation of the peak latencies and amplitudes the
individual averages were filtered with a brick-wall digital
low=-pass filter cf 51 pcints. This filter replaces each data
poianat by the mean of 51 contiguous data values centered alkout
the original point. The rather large windcw size chosen for
this filter was used to reduce variability in amplitude produced

by some of the more "spikey" peaks.

From the filtered averages the most nega*ive rpoint was found in
the range of 150 to 200 msec latency. The amplitudes reported
are defined as the difference between the value of this pcint

and a baseline calculated as the mean of the first 400 data
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points in the average, which was the maximum number of points
collected preceding the stimulus onset for all irdividual

trials.

Mean evoked rctential amplitudes for the 11 subjects are plotted
in Fiqure 7 and the original measurements are included in
Appendix C. 2l1ltbough there was a some amount of inter-sutject
variability in the latencies of the peaks found, the mean
amplitudes rlotted are very similar in form to the amplitudes of
the feaks in the grand averages presented in Figure 6, and all
the actual values are different by less than cnre microvolt. For
both the grand averages and the subject mears, *he largest
potentials were cbserved at Cz and the smallest a* Fz. Also,
this pattern of scalp distribution is the same for each of the

five conditions.

In order to tes* the reliability of the task ard
stimulus-condition effects a 2x2 analysis of variance was
perfcrmed on the data for each electrode separately (see
Apperndix D). The major finding was significantly greater
amplitudes in tte anti task than in the normal task for
electrodes at Pz, F(1,10) = 20.4, p < .005; and at Cz, F(1,10) =
7.9, p < .025; while the difference at Fz was rot sigrificant
F(1,10) = 3.0, p>.1. For no electrode was there a significant
effect of the sare vs. opposite stimulus conditior, nor was

there any significant interaction. The latencies of the N1
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Figure 7. Negative evoked potential of 150 tc 200 msec latency.
Mean amplitudes for 11 of 12 subijects. Abbreviations: A -
anti, N - normal, S - same, and 0 - opposite.
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peaks were analyzed, btut no reliable latency effects were fourd

for the relatively spmall latency differences observed.

Some attempt was alsc made to identify and measure other
components in the evoked response. In many of the rlots in
Figqure 6 there is a rcsitive peak which occurs before the larger
negative peak. However, this component could not be reliably
located in anr more than the majority of the subjects' averages
and therefore vwas not further pursued. The later rositive-going
wave also evident in the stimulus-averaged data was also not
further investigated for the reason that its latency is lcnger
+han a minimum reactior time and it is therefcre inextricably
confcunded with movement potentials, the topic of the following
section. No consistent left/right asymmetries were observed

from the C3-C4 derivaticn.

Movement potertials

Figure 8 presents the response-oriented grand averages for the
four RT conditions, as well as the self-initiated conditicn in
whichk tte subject made a delayed response to a verbal
instruction to move left or right. The most conspicuous feature
of the potentials preceding eye movemenrt in the self-initiated
condition is the absence of much activity at all. TFor the
method of this study there is no noticeable negative=-going

potential (the BP) which Becker et al. (13973) reported to be
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first EOG change, approximately 20 msec before triqger.
Calibration applies to all EEG channels, (Figure continued on
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almost 5 microvclts in amplitude at Cz.

Looking a* the KT condition averages in Figure 8, the mnorral
condition averages especially appear very similar to *hose fronm
+he "triggered" condition of Kurtzberg and Vaughan (1979). The
averages show as a primary feature a positive-gcing potential
which will be referred to in Becker et al.'s (1973) terminology
as the Pre-Motion Positivity (PMP}). The C3-C4 derivation in
Figure 8 shows nc left/right asymmetries, consistent with Becker
et al.'s repcrts. The condition effects on the PME were
measured using tte peak detection software already described.
Visual inspecticn of separate averages of lef*t and right
novements frcm individual subjec*s determined +*+hat tke EOG
signal showed its first deflection approximately 20 msec prior
to the resronse c¢f the digital trigger recorded ir the marker
channel whichk was therefore taken to be the time of saccade
onset. In order to quantify the PMP amplitudes the averages
were first digitally filtered over a 21 poirt window, then the
most positive point was found in the interval from 20 msec to
140 msec before the *rigger occurred. The PMP was defined as
the difference Lbetvweer this amplitude and a baseline calculated
as the mean of the first U400 points in the average. The values
obtained are precserted in Appendix E ard the means are graphed
in Figure 9. The means of the PMP amplitudes calculated from
the individual subjects' averages were as can be expected

slightly gréater thar the PMP amplitudes shown in the gramnd
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Figure 9. Maximum PMP amplitude in 120 msec interval preceding
saccade onset. Data from all 12 subjects. Abbreviations:

A - anti, N - normal, S - same, 0 - opposite, and S.T1. -
self initiated.
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averages, especially for the Fz and Cz electrodes, but the

relative conditicn effects were very similar.

Another 2x2 analysis of variance was performed cn the data frcm
the four RT condi*ions for each midline electrode. The Pz
electrode showed significantly greater PMP amplitudes in the
normal conditior, F(1,11) = 13.8, p < .00%5; while *the other twc
electrodes did not show the same effect significant at the .05
level: F(1,11) = 4.2, and F(1,11) = 4.4 for Fz and Cz,
respectively. There was no other significant stimulus condition

effect cr interaction at any electrode (see Appendix F).

The scalp distribution for the PMP shows relatively the same
form for all conditions: grea*est amplitude at Pz, smallest at
Fz. Based on the assumpticn that potentials recorded fronm
different electrodes are rot comparable on tkLe same interval
scale of measurement, analysis of variance was not used tc test
for differences in scalp topography. However, it may be roted
that out of +the 12 subjects, 11 of them showed greater Pz than
Cz PMP amplitudes in most of the five conditions (g < .02, sign
test). Also, the relative amplitudes observed at Cz and Pz are
in the opposite direction for the negative FP ard the PMP for
all five relevant conditions, four of which are constituted frcnm
the same original data. Nine of eleven subjects show a greater
Pz than Cz amplitude in more of the five relevant conditions for

the PMP measure compared to the EP measure. Using a Wilcoxon
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rank sum test, the value of T found was 11.5, which correspords

to just slightly more than the .05 level of significance.

Discussion

Reaction times

An unexpected result of this study was the absence of any
significant difference in reaction times for the four
experimental conditions. This non-effect is less of a surprise
for the same/orrosite stimulus conditions as there was no
previous evidence that it did influence RT. For the normal and
anti tasks, however, the rresent results were not expected bacsed
on Hallett's (1S78) finding of much longer latencies for his

anti conditiorn.

The most plausikle post-hoc explanation for these conflicting
Tesults concerns the ccmplexity of the subject's task in the two
experiments. The major difference in the methods is +that
Hallett's stimulus moved *o one of eight equally likely
positions. The anti condition in the simpler method of this
study requires cnly that the eyes make a practiced movement to
the single location at which the stimulus is absent. Hallett's
methcd requires that the saccade is directed to the correct orne
of seven locaticns. In order to do this the subkject must

evaluate both the direction and the magnitude of the stimulus
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step and program a saccade of equal magnitude but ofpposite
direction. In the present experiment the required left and
right movements are all of the same magnitude and can therefore
be preprogrammed. Following the presentation of the stimulus
the sukject needs only *o program the correct direction of

movement based cn *he stimulus locatior.

An assumption inherent in the above analysis is that thLe
direction and magnitude of saccades are nct programmed
simultaneously by the same mechanism but are at least in rpart
independently programmed. This statement is consisternt with
other recent research using double step stimuli which fournd
evidence for independent programming of directicn ard magnitude
(Becker & Jurgens, 1979; Hou & Fender, 1979). In addition, the
two studies cited have also indicated that the programming of
direction takes less time and is therefore corpleted before the
programming cf magnitude. The increased RTs in Hallett's
experiment can then be explained if the time required to progranm
the magnitude but not the direction of a saccade is greater for

the anti task.

Rnother possible explanation that must be considered for the
difference in resul4s is that the total number cf fpossible
responses was greater in Hallett's experiment and this factor
produced greater latencies in the anti corndition. Relevant to

this, a study by Saslow (1967b) showed that for the normal task
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separate blocks of trials within which the number of possible
stimulus displacenents was twe, four or eight did not resclt in
different RTs. Evern if this is true for the normal task, it
might be the case that the anti task is influenced by the nrumter

of possiblie responses even though the normal task in not.

An experimental test of these questions could be made by means
of the following two simple experiments. The first suggested
experiment would use the same method as *Le present study,
except that the two stimulus positions used would both be on the
same side of the fixation mark (left and right counterbalanced).
In this situatiocn the subject always makes a saccade in the same
direction, but the correct magnitude must be determined from the
stimulus location. If in this situation the results showed
greater RTs for the anti task the hypothesis that the
programming of saccade magnitude is lengthened in the anti task

would ke suprported.

A second possitle experiment would be to use four stimulus

locations all at the same distance from the fixaticn point (ug,
down, left, and right). Here the prediction would be that the
latencies would be equal for the anti task and the normal task

because directicn but not magnitude would have to be programmed.

One last comment on the RT results concerns the S=R

compatibility effect discussed in the introduction. The
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prediction of a simple version of S=R compatibility, i.e. due
to the necessity of interhemispheric transfer, responses are

slower when made by the side of the body opposite the stirulus,

is not supported by the present RT results. Other recent
research on manual responses has also shown that+ "S=R
compatibility" is definitely not as simple as the above

statement would indicate (Cotton, Tzeng, & Hardyck, 1980).

Event-related potentials

A positive aspect of the negative results discussed above is
that there are nc large RT differences that have to be

considered when interpreting the other results.

One of the clearest findings of the presenrt study which was not
originally expected is the task effect on the negative evoked
potential to the target onset. Generally, small peripheral
lights which are not much brighter than the background do not
produce very large evoked potentials (e.g. Regan, 1972). As was
found earlier in pilct work and as the present results show the
EP was not very large in absolute magnitude and few components
were reliably okserved in mos*t =subject's data. However, there
was at least a single consistent negative peak which could be
located within a narrow latency range for almost all subjects.
This component appears to be the same as that referred to as N1

in the evoked rctential studies cited in the in*troduction. The
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actual latencies and waveforms obtained in the present
experiment appear remarkakly similar tc thcse reported in the
study by Eason et al. (1369) which used approximately the same

type of stimulation.

The present results are consistent with those of Eason et al.
{(1969) and also KRurtzkterg and Vaughan (1973) in that the evoked
potential is larger for those conditions requiring a response in
comparison to the no saccade cordition in which the subject was
told to "detect'" the stimulus but not to respord with any
movement. Not expected, however, was the significantly gxeater
amplitudes for the anti task at Pz and Cz. The admittedly
post-hoc explanation proposed for this effect is that the N1
component is related to the amount of selective attention
directed to the stimulus (see literature cited in introduction)
and that subjects are more attentive to the stimulus in the anti
condition. Greater attention to the stimulus in the anti
conditicn is suprosedly caused because the task is more
difficult. Indirect evidence for the las* statement is the
greater number cf errcrs in the anti condi*ion as well as the
subjective Tesponses of subjects (see also Hallett, 1978). One
possibility is that if this hyrothesis is true, greater
attention might compensate to some degree for the greater
difficulty of the anti task and decrease reactiocn time to values

close tc those fcr the normal task, as were observed.
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The scalp distribution found for N1 was dquite similar for all of
the five relevant conditions and showed maximum amplitudes at
vertex, less amplitude at Fz, and intermediate values at Fz.

The most likely explanation for the widespread distribution of
an EP componert is, according to Goff et al. (1978), the
existence of a potential generator which is either very large
and close to the scalp or else smaller and farther away. In the
present case the second situation seems mcre reasonable and is
also consistent with the suggestion made above that the evoked
Tespcnse is mediated by an attentional mechanism which would

more likely exist at subcortical levels.

The other major EEG measure of interest was the response-related
potentials. Pcr this measure as well as the evoked potential a
single consistent waveform could be identified which was also
small in amplitude. The waveform observed was similar to the
PMP as descriked by Becker et al. (1972) and Kurtzberg and

Vaughan (1979) in their more closely related study.

A detailed ccmparison of the results of the present study with
those of Kurtzberg and Vaughan (1979) reveal numerous
similarities but also major differences. In the present study
all five response conditions produced the same scalp
distribution which was similar to that reported for Kurtzterg
and Vaughan's "triggered" conditiomn, i.e. a parietal maximum

which falls cff evenly from Pz to Fz. The original expectation
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was that the norrmal condition would skow a PMP distribution such
as this, but that the anti and self-initiated cornditions would
exhibit different dis*ributions as Kurtzlerg and Vaughan
reported for their "return" and "self-initiated" conditiomns.
These authors related the distribution differences fournd *o
hypothetical generators located in corresponding areas of
cortex. Parietal cells studied by Hyvarinen and Poranemn (1974),
Lynch et al. (1977), and Mountcastle e* al. (1975) which were
activated prior to visually elicited saccades in monkeys were
hypothesized to te the potential gemnerators responsible fcr the
largest PMP amplitudes at Pz. The other major cortical area
involved with eye movements, the frontal eye fields, was thought
+0 be more involved in generation of saccades in their
self-initiated and return conditions which resulted in the more

anteriorly-shifted topography okbserved.

The present study did not find any evidernce of such a
distributicn difference between the normal condition ard the
supposedly more voluntary and less directly visvally-elicited
arti condition. The original expectatiorn was that there would
be a more frontal distribution shift €for the anti conditicn. An
important consideration is that the results for the
self-initiated condition appears to have the same topography as
both the normal and anti conditions. This would indicate that
it is nct simply the cccurrence of the visual stimulus which

produces the large amplitudes at Pz. Rather it seems that the
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distribution (but not the amplitude of the PMP) is similar for
all conditions in which exactly *he same movement occurs. This
statement is in line with the position expressed by Becker et
al. (1973) tha* the PBMF represents the actual efferent command
for movement. If such is the cacse, the final command to
contract particular extraocular muscles exactly the same way
would likely origina*e in the same genera*tor mechanism
regardless of different sensory input and processing activities

which precede i*.

A possible scurce cf some difference in the results of the
present study and that of Kurtzberg and Vaughar (1973) is the
actual method used for quantifyiag PMP amplitude. Kurtzberg and
Vaughan's (1979) preliminary paper does not give any details of
this and also expresses all results irn terms of percent maximum
amplitude. Due to this last-mentioned procedure it is not
possible to compare the relative PMP amplitudes for different
conditions betweer the two studies. The present investigation
found significantly larger PMPs for the nrormal condition (at
least at Pz). This result, together with the lack of
appreciably faster RTs for the normal condition, does suggest
that the PMP is sensitive to *the particular task in which the

eye nmovements are performed.

An alternate explanaticn for the task effect on the PMP

amplitude that must be considered is that the earlier negative
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evoked potential acts to reduce the size of *the
opposite-pclarity PMF. It is the case that compared to the
normal condi*ion, the anti condition resulted in greater EP
negativity and less PMP, indicating a possible dependency
betvween the two waveforms. Not consistent with this hypothesis
are the follcwing four reasons. 1) From the results for the
self-initiated condition it can be seen that when there is ro
negative EP the FMP is smallest in amplitude, therefore it
cannot be just the EP alone which produces the observed PMP
differences. 2) The data from the no saccade condition (Figure
6) show that EFEG follcowing the N1 peak tends to go positive and
not remain negative. 3) The correlation of mean PMP and EP
amplitude for all four experimental conditions combined,
computed for the 11 subjects is =-.07 (n.s.). W) There is
evidence of a difference in the scalp distribution of the EP and

the EMP, which supports the idea of independence.

Tn conclusion, however, there is no absolutely convincing
argqument that there is no effect of the EP on the observed PME
amplitude, but there are, I think, fplausible empirical and
theoretical reascns to assume that the PMP differences are not
fourd only because of influence from the evoked potential.
Having made this assumption, what might be the physiological
processes which prcduce these results? Following Eecker et
al.'s (1973) discussion of the PMP, it is suggested that the

neural command *tc move the eyes is generated in some unknown but
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possibly parietal location ir all the conditions. The reduced
amplitude ir +the self-initiated condition, in whichk there was no
imperative stimulus the subject had to respond to, might result
from less rapid generation of the command signal. For manual
movements it has been reported that force, speed, and asscciated
EMG activity are usually less for self-initiated movements than
for KT responses (Rohrbaugh et al., 13980). Possibly this "less
brisk" mpanner cf respcnding, extrapolated back to before the

onset of movement, wculd explain the reduced PME.

The cbserved PME amplitude difference found for the two task
conditions is not associated with a corresponding difference in
RT. The speculative hypothesis suggested here is that the anti
task, because it is more difficult and less like usual
stimulus-elicited saccades requires additional processing, such
as activation of inhikitory mechanisms to suppress the normal
response. This increased activity not directly related *o the
generation of the command to move the eyes results in greater
cortical desyncronization of PMP-related neural events and a

reduction in the summated potentials.

A final point of speculaticn concerns the relationship of the
task~condition effect on PMP and EP amplitudes and the S-R
compatibility effect discussed earlier. Might it Le the case
that for incompatible responses generally the sensory response

to the stimulus is greater and the movement-asscciated
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potentials are reduced?

Conclusion

The integration and processing of sensory infcrmaticr for the
programring and generation of motor acts is, according to such
authors as James, Sherrington, and Granit, thke essential fproblem
for psycholagy. In *this author's opinion sensory-motor
integration is demonstrated at the highest level of exquisite
complexity in what Gibson refers to as the perceptual system of

"seeing. "

The present research has only investigated a single artificial
examrle of an even trivial aspect of this system's capacity:
left or right saccades to one of two possible target lights
flashed on a screen. Yet because of the nervous system's
urknown mechanisms for intricate interaction cf sensory and
motor function, this research has demonstrated what might be
considered to be an effect of the higher-order relationship
between the intended future movement and stimulus positior on
electrical correlates of sensory processing (the evoked
potential) as well as the efferent command for movement (the

PMP) .




Appendix A.

Subject
GH
BK
SJ
EG
oV
TAa
SR
cs
KF
L1}
PC
RM

MEAN

Appendices

Median Reaction Times (msec)

NS
268
283
292
278
371
265
268
265
292
337
232
227

282

Conditior

NO AS
314 266
267 281
301 355
273 275
388 421
325 304
282 238
266 303
297 238
342 314
230 253
270 231
296 290

AC
298
280
339
287
413
299
2u19
284
230
3u8
251
237

292

3y
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Appendix B. RT ANOVA

Labels: S - sukjects
T - task (normal/anti)
C - stimulus conditior (same/opposite)
SOURCE EPROR TERM F SUM OF SQUARES DEG. OF
FREEDOM
1 MEAN S 511. 1072 4036220. 1
2 S 86867.13 1
37T ST 0.0613 58.52083 1
4 c sC 3.6225 875.5208 1
5 ST 10509.66 11
6 SC 2658.604 11
7 TC STC 2.8123 462.5208 1
8 SIC 1808.727 11



96

Appendix C. N1 evoked po*ential data.

Subject Conditior
No Sac. NS NO AS AC
F2 Cz Pz P2z (z Pz Fz Cz Pz TFz C(Cz Pz PFz C(Cz Pz

GH 131 151 10€ 103 141 69 97 177 123 79 11€ 87 125 167 145
BK 78 154 105 78 222 230 107 170 124 242 307 271 217 284 216
SJ 100 114 109 108 169 137 144 156 127 111 132 3€ 126 180 189
PG 47 73 16 17 4 =70 83 93 32 4 17 =25 22 29 -28
DV -24 2 48 102 170 207 77 152 183 66 216 2€4 109 266 318
TA -22 14 33 5 53 45 -28 40 38 13 €8 87 76 128 99
SR 162 141 170 140 171 204 151 67 120 199 186 233 132 142 182
CS -52 =68 =21 6 21 0 4 € 56 =33 2 13 37 95 158
KF -18 90 107 14 164 153 14 151 161 8 185 188 45 206 198
PC 6 94 8% 62 160 123 45 117 92 89 153 140 86 145 152
RM 138 169 80 100 129 30 129 207 95 137 263 199 135 202 1€2

Mear 60 85 77 67 128 103 75 122 105 89 150 142 101 168 163

Note. All values are in raw A/D units (5 microvolts = 102.4).
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Appendix D.

N1 ANOVA

Fz Electrode
SUM OF SQUARES DEG. OF

EFFROR TERM

STC

Cz

ERROR TERM

S

ST

sC

sTC

Pz

FRROR TERM

S

ST

sC

STC

F
22.3804 302618.2
135215.4
2.9892 EU5€6.566
2.3128 1070. 204
21600.00
4627.355
0.0363 38.20581
10512. 11

Electrode

F
46.20861 881828.0
190€81.4
7.8872 12750.02
0.2726 390.0227
16165.54
14308.48
1.2670 1620.208
12788.04

Electrode

F
31.0550 722945. 4
232794.9
20. 3876 26020.45
0.5336 1466.273
127€2. 86
27479.98
0.7363 873.0906

11857.97
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FREEDCHM
1
10
1
1
10
10
1
10

SUM OF SQUARES DEG. OF

FREEDOM
1
10
1
1
10
10
1
10

SOM CF SQUARES DEG. QF

FREEDCM
1
10
1
1
10
10
1
10



Subject
S
Fz Cz
GH 79 50
BK 33 78
SdJ 13 28
PG 8 22
DV 50 82
TA 12 7
SR 19 117
Ccs 1 14
KF 14 =28
MW -18 39
PC -3 38
RM 61 33
Mean 22 40
Note.

T

L

Pz

€2
87
86
42
68
22
120
87
-18
12
5%

41

55

Fz

=56
121
147
132
210
128
-51

80
21
110
184

87

Appendix E.

NS
Cz

=37
25
222
236
236
138
8

3

3
287
105

251

123

Pz

29
us
134
2717
252
138
-32
62
42
384
110
278

148

PMP data.
Condition
NO
Fz Cz Pz VFz
127 €2 78 =1
31 =15 10 =12
98 186 156 =5
63 124 177 123
237 261 26¢€ 225
176 163 1€8 168
-46 16 =-10-161
63 2 36 67
115 50 67 16
117 370 403 117
49 50 7¢ 70
175 220 269 142
100 124 141 63

AS
Cz

3
=20

184
284
130
=34

12
-37
308
113
158

92

Fz

25
-1E
49
224
270
77
-84
72
-1
3€3
134
14E

101

Fz

-13
18
82
41

161

201

-92
28
43

124
62

201

71

Values are in raw A/D units (5 microvolts =

98

AO
Cz

€0
=27
117
63
169
140
=40
17
60
301
36
258

101

102.

Pz

69
-8
120
128
185
86
-82
29
64
370
118
321

117

4).
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Appendix F.

Fz Electrode
SUM OF SQUARES LCEG. OF

ERROR TERM

wm

Cz
FRROR TERM

Pz
ERROR TERHM

F
12.25938
4.2146
0.7238

0.0278

Electrode
SUM OF SQUARES TLEG. OF

F
12.2553
4.4121
0.1006

0.1152

Electrode
SUM OF SQUARES DEG. OF

F
12.7143
13.8123

0.0967

1.1253

PMP ANOVRA

310086.8
278221. %
8533.332
1452.000
22271.92
22066.31
70.08203
27727.44

582120.6
522492.8
8694.082
300.0000
21675.67
32802.75
192.0000
18333.27

771147.0

667170.5
15€24.08
243.0000
12442,.92
27632.5C
1564.082
15288.61
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