
Attentional sensitivity and asymmetries of vertical saccade
generation in monkey

Wu Zhou *, W.M. King

Departments of Surgery/ENT, Neurology and Anatomy, University of Mississippi Medical Center, 2500 North State Street,

Jackson, MS 39216-4505, USA

Received 12 January 1998; received in revised form 16 August 2001

Abstract

The first goal of this study was to systematically document asymmetries in vertical saccade generation. We found that visually

guided upward saccades have not only shorter latencies, but higher peak velocities, shorter durations and smaller errors. The second

goal was to identify possible mechanisms underlying the asymmetry in vertical saccade latencies. Based on a recent model of saccade

generation, three stages of saccade generation were investigated using specific behavioral paradigms: attention shift to a visual target

(CUED paradigm), initiation of saccade generation (GAP paradigm) and release of the motor command to execute the saccade

(DELAY paradigm). Our results suggest that initiation of a saccade (or ‘‘ocular disengagement’’) and its motor release contribute

little to the asymmetry in vertical saccade latency. However, analysis of saccades made in the CUED paradigm indicated that it took

less time to shift attention to a target in the upper visual field than to a target in the lower visual field. These data suggest that higher

attentional sensitivity to targets in the upper visual field may contribute to shorter latencies of upward saccades. � 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Recently, functional specialization in the lower and
upper visual fields in primates has been analyzed in re-
lation to the ecological function of the primate visual
system (Previc, 1990). Visual information processing
differences between the upper and lower visual hemi-
fields appear to be related to the distinction between
near (peripersonal) and far (extrapersonal) space, whose
representations are biased toward the lower and upper
visual fields, respectively. On the one hand, the lower
visual field advantage with respect to visual scene seg-
mentation (Rubin, Nakayama, & Shapely, 1996) is re-
lated to the fact that occlusion situations occur more
frequently in the lower visual field. Thus, it is of a
greater survival importance to develop an enhanced
capacity for visual scene segmentation in the ground
plane (Gibson, 1950). On the other hand, the upper

visual field advantage with respect to saccade latency
(Heywood & Churcher, 1980; Schlykowa, Hoffmann,
Bremmer, Thiele, & Ehrenstein, 1996) is related to the
importance of saccades in scanning and visual search in
extrapersonal space that is usually directed to the upper
visual field.

Attentional systems play important roles in both vi-
sual information processing and in generation of visu-
ally guided saccades (Posner, 1980). It was reported
recently that there is a lower visual field advantage in the
spatial resolving power of attention (He, Cavanagh, &
Intriligator, 1996), which may contribute to a lower vi-
sual field advantage for global shape perception (Previc,
1990; Rubin et al., 1996). However, little is known about
whether the temporal resolving power of attention,
which relates to how fast the attentional system re-
sponds to the appearance of peripheral targets, may
favor one vertical hemifield over the other. Remington
(1980) showed that in the presence of a stimulus that
elicits eye movement, a subject’s attention tends to shift
prior to his eye movement. This attentional shift may
facilitate the processing of peripheral visual events and
the generation of visually guided saccades. Furthermore,
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Posner (1980) showed that attentional shifts could be
assessed by comparing the reduction in mean saccade
latency of eye movements whose targets were correctly
cued with respect to those whose targets were incorrectly
cued. The present study investigates whether attentional
shifts favor saccades to the upper or lower visual field
and whether such a bias, if it exists, contributes to an
upper visual field advantage with respect to saccade la-
tency (Heywood & Churcher, 1980; Schlykowa et al.,
1996), i.e. saccades in the upper visual field have shorter
latencies than those to the lower visual field.

The rationale of our experiments is based on a recent
model of saccade generation that features parallel cen-
tral processes organized in a hierarchy of levels (Fig. 1
adapted from Findlay & Walker, 1999). The model in
Fig. 1 was simplified for visually elicited saccades that
are the focus of the current study. In the model, a visual
stimulus first elicits a shift of attention that is followed
by parallel computation of saccade metrics (WHERE)
and decision making (WHEN). The outputs of the
WHERE processes are motor commands that determine
the dynamics of the saccades. The outputs of the
WHEN process control a GATE that prevents the
outputs of the motor command center from executing
unwanted saccades. According to this model, saccade
latency includes components related to sensory infor-
mation processing, attention shift, temporal and spatial
programming of a possible saccade, a decision to open
the GATE and execution of the motor command. The
primary goal of the present study is to examine the
contributions of these stages to the asymmetry in verti-
cal saccade latencies. As reviewed by Previc (1990), it is
unlikely that the sensory processing of target informa-
tion (see Fig. 1, ‘‘visual stimulus’’) is involved in the
asymmetry because manual reaction times show an op-
posite pattern, being generally faster for targets in the
lower field. The contribution of the last stage (motor
execution) to the asymmetry in vertical saccade gener-
ation is evaluated by employing a DELAY paradigm, in
which a saccade target and a fixation point are presented
simultaneously for a variable time and the monkey is
required to withhold its saccade until the fixation point
is extinguished. In the DELAY paradigm, the saccade
generation system is given sufficient time to complete the
earlier stages of saccade programming prior to execution
of the motor command. Thus, any differences in saccade

latency to targets in the upper or lower visual fields
during this paradigm should reflect the contribution of
the motor execution process. The contribution of the
GATE stage is evaluated by a GAP paradigm. A deci-
sion to ‘‘open the gate’’ in the model is assumed to be
equivalent to what has been called ‘‘ocular disengage-
ment’’ in the literature (for a review, see Fischer &
Weber, 1993). Saslow (1967) showed that ‘‘opening the
gate’’ could be assessed by measuring a reduction in
saccade latency that results from the introduction of a
time delay (GAP) between when the fixation point is
extinguished and the target is turned on. A comparison
of saccade latencies to targets in the upper or lower vi-
sual fields in the GAP paradigm can assess involvement
of the GATE stage. Finally, contributions of attentional
shift to the asymmetry are assessed by employing a
CUED eye movement paradigm.

2. Methods

2.1. General

Two macaque monkeys (Macaca mulatta) were fitted
with a head stabilization platform that was attached to
the skull using stainless steel orthopedic bone plates and
screws. Eye movements were monitored by a magnetic
search coil technique (Judge, Richmond, & Chu, 1980;
Robinson, 1963) with a resolution of 0.1� (CNC Engi-
neering, Seattle, WA). Surgical procedures and experi-
mental protocols adhered to the NIH Guide for the Care
and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee at the
University of Mississippi Medical Center. After recovery
from surgery, monkeys were trained to fixate and track
laser generated target spots for juice rewards. Eye po-
sition was calibrated by requiring the monkey to fixate
target spots at known horizontal and vertical eccen-
tricities on a tangent screen located about two meters in
front of the monkey.

2.2. Experiment 1: asymmetry in the DELAY paradigm

To evaluate asymmetries in the motor command
stage (Fig. 1), monkeys were trained to make saccades to
peripheral targets in CONTROL and DELAY condi-
tions. In the CONTROL condition, the peripheral target
appeared immediately after the central fixation light was
extinguished (Fig. 2A). In the DELAY 1 condition, the
peripheral target was illuminated for a variable period

Fig. 1. A working model of the generation of visually guided saccades.

Adapted from Findlay and Walker (1999).

1 In the saccade literature, the DELAY condition is often used to

study memory-guided saccade by turning on the target only briefly. In

this study, the target stays on and the visually guided saccade is

triggered by the offset of the fixation point.
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of time (1.2, 1.4, or 1.6 s) before the central fixation
target was extinguished (Fig. 1B). In the DELAY par-
adigm, a saccade is triggered by the offset of the fixation
point rather than by the onset of the peripheral target.
Peripheral targets appeared randomly in four cardinal
and four oblique directions relative to the fixation point
and at three different eccentricities (3�, 6�, and 10�).
Fifty trials were obtained for each condition. Data in
CONTROL and DELAY conditions were collected in
separate batches.

2.3. Experiment 2: asymmetry in the GAP paradigm

To evaluate if asymmetry exists in the gating stage
(Fig. 1), monkeys were trained to make saccades to
peripheral targets in CONTROL and GAP conditions.
The CONTROL condition was identical to that de-
scribed above. In the GAP condition, a 200 ms time
delay is introduced between the fixation light’s offset and
the peripheral target’s onset. The two conditions were
interleaved randomly with equal probability. Targets
were presented randomly at two locations (8� up, 8�
down) in either task. There were 200 trials of each con-
dition.

2.4. Experiment 3: asymmetry in the CUED paradigm

To evaluate asymmetries in the attentional shift stage
(Fig. 1), monkeys were trained to make saccades in
CONTROL and CUED conditions. In the CUED
condition, a target was flashed briefly (�100 ms) in the
upper or lower visual field 700 ms after the central spot
was fixated. About 200 ms after presenting the cue, the
target was turned on and the central fixation point was
simultaneously extinguished. The target appeared either
in the cued location (valid cue, 80% of trials) or in the
opposite visual field (invalid cue, 20% of trials). Targets
were presented randomly with equal probability at one
of two locations: either 8� up or 8� down. CUED and
CONTROL conditions were interleaved randomly with
equal probability. Prior to data collection, monkeys
were exposed to 3 or 4 practice sessions to assure their
familiarity with the behavioral paradigm. To discourage
anticipatory errors, trials were aborted if the monkey
broke fixation prior to the target’s onset, and trials were
not rewarded if the monkey did not make a saccade
to the target. A few anticipatory saccades did occur de-
spite these precautions (<10%). Anticipatory saccades,
defined as having latencies <70 ms after target onset,
were excluded from the analysis (see Section 2.5).

Fig. 2. Saccade latency plotted as a function of direction and eccentricity in CONTROL and DELAY conditions. Schematic illustration of stimuli

conditions is shown in A for CONTROL condition, and in B for DELAY condition. Data from two monkeys in both conditions are shown in C and

D (Monkey 1) and E and F (Monkey 2). Formats of C, D and E are as same as that of A.
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Interpretation of cued trials is complicated because cues
can cause an attention shift as well as allowing pre-
programming by signaling target location and its im-
pending onset. These effects, however, should be similar
for both valid and invalid cue conditions. Thus, any
differences between the mean reaction times of valid and
invalid cue conditions are assumed to be related to at-
tentional shift (Kustov & Robinson, 1996; Posner, 1980;
Remington, 1980).

2.5. Data analysis

Data were acquired and behavior was controlled us-
ing custom software on an IBM compatible personal
computer operating under Microsoft Windows 3.11.
Analysis of the collected data was performed off-line on
a Sun workstation (Sparc 20) using interactive computer
programs. Eye position data were differentiated to ob-
tain velocity using a two-point central difference filter
with a step size of þ8 ms (Bahill & McDonald, 1983).
During visual fixation, eye position signals recorded
by search coils show no drifting in either horizontal
or vertical directions. Saccade onset was determined as
the time when eye velocity first surpassed a velocity
threshold (20 deg/s) and saccade end was determined as
the time when eye velocity first declined below the same
threshold. Saccade latency was determined as the in-
terval from the onset of the target to the onset of the
saccade. Analysis of saccade latency was restricted to
on-target saccades with latencies between 70 and 500
ms. As in previous studies, saccades with latencies
shorter than 70 ms were arbitrarily classified as antici-
patory and were excluded from our analysis (Bronstein
& Kennard, 1987; Fischer & Weber, 1993; Fischer et al.,
1993; Kalesnykas & Hallet, 1987; Pare & Munoz, 1996;
Smith & Van Gisbergen, 1989; Wenban-Smith & Find-
lay, 1991). The values of saccade latency are presented
as means� SEM. The accuracy of the first saccade was
computed as the difference between final eye position
and eye position at the end of the initial saccade. The
results were evaluated by analysis of variance followed
by a pairwise multiple comparison procedure (SYSTAT
for Windows).

3. Results

3.1. Asymmetry in DELAY and CONTROL conditions

Fig. 2C–F show saccade latency as polar diagrams in
the CONTROL (Fig. 2C and E) and DELAY (Fig. 2D
and F) conditions for two monkeys. The timing of the
fixation and peripheral targets in the two conditions is
schematically illustrated in Fig. 2A for the CONTROL
condition and in Fig. 2B for the DELAY condition.
Saccade latency is plotted as a function of eccentricity

and direction in each plot. In the CONTROL condition,
there is a marked asymmetry in vertical saccade latency
in both monkeys (Fig. 2C and E) at each of the three
eccentricities tested (P < 0:001). For example, the mean
latency of upward 10� saccades (235� 2 ms) of Monkey
1 was significantly shorter than the mean latency of
downward 10� saccades (267� 2 ms) (P < 0:001) (Fig.
2C). Similarly, for Monkey 2, the mean latency of up-
ward 10� saccades (243� 4 ms) was significantly shorter
than the mean latency of downward 10� saccades
(272� 2 ms) (P < 0:001) (Fig. 2E). In the DELAY
condition, the target and the central fixation point were
simultaneously present for variable intervals (1.2, 1.4,
1.6 s) (Fig. 2B). The variable intervals were interleaved
randomly to prevent anticipation of fixation point offset.
The saccade latencies from the three intervals were not
statistically different and were pooled. Fig. 2D and F
shows that, in the DELAY condition, the asymmetry of
vertical saccade latency was abolished. For Monkey 1,
the mean latencies of upward and downward 10� sac-
cades were not statistically different (229� 3 ms for
upward saccades, 233� 3 ms for downward saccades,
P > 0:05) (Fig. 2D). For Monkey 2, the mean latency of
upward and downward 10� saccades was the same
(225� 3 ms for either direction) (Fig. 2F). These data
suggest that the asymmetry in vertical saccade latency is
not due to an asymmetry in the motor output mecha-
nism. However, these data do not rule out the possibility
that there may be motor asymmetries that appear only
within a brief interval between target appearance and
saccade onset.

Normally, monkeys make more than one saccade to
accurately foveate a target. We used the difference be-
tween the eye position at the end of the initial saccade
and final eye position to estimate initial saccade error.
Fig. 3 shows the accuracy of initial saccades in CON-
TROL and DELAY conditions (means of the absolute
values of the errors). The polar diagrams illustrate that
in both monkeys, there is a marked asymmetry in ver-
tical saccade accuracy. In general, errors of saccades to
targets in the upper visual field were smaller than errors
of saccades of similar amplitude to targets in the lower
visual field. Interestingly, the asymmetry in vertical
saccade accuracy was still present in the DELAY con-
dition. The accuracy of saccades to lower targets was
not improved when exposure to the target was longer.
Fig. 4 shows the distributions of errors for 10� upward
and downward saccades in the two monkeys. A positive
error indicates an overshoot saccade and a negative
error indicates an undershoot saccade. In both monkeys,
upward saccades tended to overshoot in both CON-
TROL and DELAY conditions. However, downward
saccades tended to undershoot in both conditions. In
fact, in Monkey 2, downward saccade errors in the
DELAY condition were increased (P < 0:001) (Fig. 4b).
These data suggest that undershooting for downward
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saccades and overshooting for upward saccades may be
a deliberate strategy. If deliberate, such a strategy would
confine a target’s neural representation to the lower vi-
sual field that has been suggested to specialize in visual
information processing for texture and shape (He et al.,
1996; Henson, 1978; Robinson, 1973; Rubin et al.,
1996). As a control, Fig. 5 shows that saccade peak
velocity and duration were similar in CONTROL and
DELAY conditions. However, there was a clear asym-
metry between upward or downward peak saccade ve-
locity and duration. Thus, these data show that upward
saccades not only have shorter latencies, but also are
faster, take less time to finish, and are more accurate.

3.2. Asymmetry in ocular disengagement

Fig. 6 shows that there was a significant asymmetry in
vertical saccade latencies in both CONTROL and GAP
conditions in both monkeys (P < 0:0001). However,
there was no significant interaction between the GAP
effect and the location of the target in the upper or lower
visual field (for Monkey 1, P > 0:6; Monkey 2, P >
0:06), indicating that the introduction of a gap between
the target onset and fixation offset resulted in similar
reductions in the mean latencies of saccades to targets in
either the upper or lower visual fields.

3.3. Asymmetry in attentional shift

Fig. 7 shows latencies of up or down saccades in
three conditions: CONTROL, VALID CUES, and
INVALID CUES. In all three conditions, up saccades
in both monkeys had shorter latencies (P < 0:0001). As

Fig. 3. Saccade accuracy plotted as a function of direction and eccentricity in CONTROL (A, C) and DELAY (B, D) conditions for Monkey 1 (A,

B) and Monkey 2 (C, D). The radial axis is from 0� to 2� at every 0.5�. Means were computed using the absolute value of saccade errors.

Fig. 4. Distributions of saccade errors (10� upward/downward sac-

cades) in CONTROL and DELAY conditions. (A) Histograms of

saccade errors in Monkey 1, the dotted lines show the means of the

data sample. (B) Means and standard errors from both monkeys under

the two conditions (upward triangles for 10� upward saccades,

downward triangles for 10� downward saccades).
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expected, saccades with valid cues also had significantly
shorter latencies in both monkeys (P < 0:0001), dem-
onstrating the effectiveness of the cue in shifting atten-
tion. In both monkeys, the interaction between the CUE
effect and asymmetry in vertical saccade latencies was
significant (P < 0:001). The cue validity effect, measured
as the difference in mean latency between valid and in-
valid cue conditions, was larger for downward than for
upward saccades (Monkey 1: 69� 4 vs. 46� 6 ms,
P < 0:01; Monkey 2: 62� 5 vs. 45� 4, P < 0:01). In
Monkey 1, the difference in mean saccade latency be-
tween upward or downward saccades was 27 ms in the
CONTROL condition but this difference was reduced to
4 ms in the VALID CUE condition. For this monkey,
an asymmetry in shifting attention to targets in the
upper or lower visual fields could account for about 85%
of the asymmetry in vertical saccade latency to these
targets. In Monkey 2, the difference in mean latency
between upward or downward saccades was 39 ms and
this difference was reduced to 22 ms in the VALID CUE
condition. For this monkey, the asymmetry in shifting
attention to targets in the upper or lower visual fields
could account for about 44% of the asymmetry in ver-
tical saccade latency. Thus, attention shift contributes
significantly to asymmetries in vertical saccade latencies.

4. Discussion

The model shown in Fig. 1 illustrates two parallel
information and command streams in a hierarchy of

Fig. 5. Polar diagrams of saccade duration (A, B) and peak velocity (C, D) as a function of direction and eccentricity in CONTROL (A, C) and

DELAY (B, D) conditions.

Fig. 6. The interaction between the GAP effect and the asymmetry of

vertical saccade latency.

Fig. 7. The interaction between the CUE effect and the asymmetry of

vertical saccade latency.
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processing levels. Information in the WHERE stream is
transmitted in spatially mapped pathways (for more
details, see Findlay & Walker, 1999), but in the WHEN
stream, a single non-spatial signal is involved. Sensory
processing of the stimulus within the two streams is
preceded by an attentional shift to the target. This at-
tentional shift controls target selection and facilitates
sensory processing and motor programming. The motor
command is produced in the WHERE stream. The
saccadic eye movement occurs when a trigger signal
opens the GATE. For visually guided saccades, the
sensory processing of the visual target involves subcor-
tical and cortical visual pathways including the retina,
lateral geniculate nucleus, striate and extrastriate cortex.
The WHERE and WHEN streams involve cortical and
subcortical sensory-motor pathways including the pari-
etal eye fields, frontal eye fields, supplemental eye fields
and the superior colliculus. The motor command and
GATE stages involve the brainstem circuitry of omni-
pause cells and pre-motor burst cells (for a review, see
Fischer & Weber, 1993).

In this study, we demonstrated that there is a robust
asymmetry in vertical saccade latencies (Fig. 2C and E).
Although there is evidence for asymmetries in sensory
processing mechanisms, they favor the lower rather than
the upper visual field. For example, the receptor density
in the upper retina is greater than that in the lower retina
(Skrandies, 1987). Similar asymmetries, biased toward
the lower visual field, were also found in primary visual
cortex, middle temporal visual area (MT) and area 7a
(Maunsell & Van Essen, 1987; Robinson, Goldberg, &
Stanton, 1978; Tootell, Switkes, Silverman, & Hamilton,
1988; Van Essen, Newsome, & Maunsell, 1984). Shape
discrimination and feature detection are similar in the
upper and lower visual fields, but the perception of il-
lusory contours is enhanced in the lower visual field
(Rubin et al., 1996).

The absence of vertical saccade latency asymmetries
in the DELAY condition (Fig. 2D and F) suggests that
the motor command center plays a minor role in pro-
ducing vertical saccade latency asymmetries. These re-
sults are consistent with single unit studies in which
‘‘burst’’ neurons that encode either upward or down-
ward components of saccades are found in about equal
proportions in the rostral interstitial nucleus of the
medial longitudinal fasciculus (riMLF) (Buttner, Butt-
ner-Ennever, & Henn, 1977; King & Fuchs, 1979;
Moschovakis, Scudder, & Highstein, 1991; Moschova-
kis, Scudder, Highstein, & Warren, 1991; Vilis, Hepp,
Schwarz, & Henn, 1989).

The lack of a significant interaction between the GAP
effect on saccade latency and the occurrence of asym-
metries in vertical saccade latencies suggest that the
GATE stage is also not a major source of the difference
in latency. These data are similar to a prior study that
used human subjects and which found no interaction

between the GAP effect and the latency asymmetries
(Honda & Findlay, 1992). In another study in humans,
however, Goldring and Fischer (1997) reported a larger
gap effect for downward saccades as compared to up-
ward saccades in 10=12 tested subjects. A difference in
experimental design may have contributed to the dis-
crepancy between these studies. In the study of Goldring
and Fischer (1997), the gap effect was assessed by
comparing saccade latencies in the gap condition to
those occurring in the overlap condition. In the study of
Honda and Findlay (1992) and in the present study, the
gap effect was assessed by comparing saccade latencies
in the gap condition to those occurring in the CON-
TROL (i.e. no-gap) condition. In the overlap condition,
delays in ocular disengagement or attentional shift may
contribute to the longer saccade latencies that are ob-
served. Since there is an asymmetry in shifting visual
attention to a target in the upper or lower visual field,
the larger gap effect reported by Goldring and Fischer
(1997) may be due to an interaction between the pro-
cesses producing delays in the overlap condition and
vertical saccade latency. Furthermore, a population of
inhibitory neurons located within the midline raphe
nuclei (Evinger, Kaneko, Johanson, & Fuchs, 1977;
Keller, 1974, 1977; King & Fuchs, 1979) has been sug-
gested to be the neural substrate of the GATE. The in-
hibitory neurons have been hypothesized to act as a
‘‘gate’’ on the saccadic burst generator network in the
brainstem (for a review, see Fuchs, Kaneko, & Scudder,
1985). These cells are called ‘‘omnipause neurons’’, be-
cause their activity ceases prior to and during every
saccade, regardless of its direction. The absence of any
directional asymmetry in their responses is consistent
with a minimal role of the GATE circuitry in generating
the vertical saccade latency asymmetries.

The significant interaction between the CUE effect
and the asymmetries in vertical saccade latency implies a
possible asymmetry in attentional mechanisms. In par-
ticular, it may take less time to shift attention to targets
in the upper visual field than to targets in the lower vi-
sual field. Higher attention sensitivity to objects in the
upper visual fields may make the appearance of a target
in the upper field a more powerful stimulus for an at-
tentional shift and thus result in a saccade with a shorter
latency than if the target had appeared in the lower field.
What are the likely sites for such an asymmetry? The
first site where there are reported asymmetries in pro-
cessing sensory information from the upper and lower
visual hemifields is the third visual area (V3) (Burkhal-
ter, Felleman, Newsome, & Van Essen, 1986). In the
macaque, both areas are anterior to V2, but V3 differs
anatomically and functionally from ventral area VP. VP
contains a topographic map for the upper visual field
and projects mainly to the ventral pathway. However,
V3 contains a topographical map of the lower visual
field and projects mainly to the dorsal pathway. Thus,
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an asymmetry in vertical saccade processing could lie in
the cortical networks at the level of V3 and beyond. This
network could include the frontal eye fields (FEF), pa-
rietal eye fields (PEF) and supplemental eye fields (SEF)
(Tian & Lynch, 1996). There is, however, no evidence
for asymmetries in the neural representations of the
upper and lower visual fields in these cortical regions
(Felleman & Van Essen, 1991; Horton & Hoyt, 1991).
The dorsal parietal system has classically been associ-
ated with attentional processes (Gazzaniga & Ladavas,
1987), and it has been demonstrated that the projections
from early visual areas to the parietal regions are more
numerous for the lower visual field than the upper field
(Maunsell & Newsome, 1987). The dense projections for
the lower visual field is consistent with a higher spatial
attentional resolution in the lower visual field (He et al.,
1996) that is of survival importance in interpreting richly
textured visual information in peripersonal space (lower
visual field) (Gibson, 1950; Previc, 1990). Interestingly,
our data suggest that the upper visual field may have a
higher temporal attentional sensitivity that is of survival
importance in the initiation of rapid responses to visual
targets in the extrapersonal space (upper visual field).

Acknowledgements

We thank Carol Drake for excellent care of our ani-
mals, Jerome Allison for help to set up the hardware and
Marie Phillips for assistance in preparing this manu-
script. This research was supported by NIH grant
EY04045 and ONR N00014-94-1-1169 to Dr. W.M.
King and a NSBRI/NASA grant to Dr. W. Zhou.

References

Bahill, A. T., & McDonald, J. D. (1983). Frequency limitations and

optimal step size for the two point central difference derivative

algorithm with applications to human eye movement data. IEEE

Transaction on Biomedical Engineering, 30, 191–194.

Bronstein, A. M., & Kennard, C. (1987). Predictive saccades are

different from triggered saccades. Vision Research, 27, 517–520.

Burkhalter, A., Felleman, D. J., Newsome, W. T., & Van Essen, D. C.

(1986). Anatomical and physiological asymmetries related to visual

areas V3 and VP in macaque extrastriate cortex. Vision Research,

26, 63–80.

Buttner, U., Buttner-Ennever, J. A., & Henn, V. (1977). Vertical eye

movement related unit activity in the rostral mesencephalic

reticular formation of the alert monkey. Brain Research, 130,

239–252.

Evinger, C., Kaneko, C. R. S., Johanson, C. W., & Fuchs, A. F.

(1977). Omnipauser cells in the cat. In R. Baker, & A. Berthoz

(Eds.), Control of gaze by brain stem neurons (pp. 337–340). New

York: Elsevier, North-Holland Biomedical Press.

Felleman, D. J., & Van Essen, D. C. (1991). Distributed hierarchical

processing in the primate. Cerebral Cortex, 1(1), 1–47.

Findlay, J. M., & Walker, R. (1999). A model of saccade generation

based on parallel processing and competitive inhibition. Behavioral

and Brain Sciences, 22(4), 661–674.

Fischer, B., & Weber, H. (1993). Express saccades and visual attention.

Behavioral and Brain Sciences, 16, 553–610.

Fischer, B., Weber, H., Biscaldi, M., Aiple, F., Otto, P., & Stuhr, V.

(1993). Separate populations of visually guided saccades in

humans: reaction times and amplitudes. Experimental Brain

Research, 92, 528–541.

Fuchs, A. F., Kaneko, C. R., & Scudder, C. A. (1985). Brainstem

control of saccadic eye movements. Annual Review of Neuroscience,

8, 307–337.

Gazzaniga, M. S., & Ladavas, E. (1987). In M. Jeannerod (Ed.),

Neurophysiological and neuropsychological aspects of spatial neglect

(pp. 203–213). Amsterdam: Elsevier.

Gibson, J. J. (1950). The perception of the visual world. Boston:

Houghton Mifflin.

Goldring, J., & Fischer, B. (1997). Reaction times of vertical

prosaccades and antisaccades in gap and overlap tasks. Experi-

mental Brain Research, 113(1), 88–103.

He, S., Cavanagh, P., & Intriligator, J. (1996). Attentional resolution

and the locus of visual awareness. Nature (London), 383, 334–337.

Henson, D. B. (1978). Corrective saccades: effects of altering visual

feed-back. Vision Research, 18, 63–67.

Heywood, S., & Churcher, J. (1980). Structure of the visual array and

saccadic latency: implications for oculomotor control. Quarterly

Journal of Experimental Psychology, 32, 335–341.

Honda, H., & Findlay, J. M. (1992). Saccades to targets in three-

dimensional space: dependence of saccadic latency on target

location. Perception and Psychophysics, 52(2), 167–174.

Horton, J. C., & Hoyt, W. F. (1991). The representation of visual field

in human striate cortex. Archives of Ophthalmology, 109, 816–824.

Judge, S. J., Richmond, B. J., & Chu, F. C. (1980). Implantation of

magnetic search coils for measurements of eye position: an

improved method. Vision Research, 20, 535–538.

Kalesnykas, R. P., & Hallet, P. E. (1987). The differentiation of

visually guided and anticipatory saccades in gap and overlap

paradigms. Experimental Brain Research, 68(1), 115–121.

Keller, E. L. (1974). Participation of medial pontine reticular forma-

tion in eye movement generation in monkey. Journal of Neurophy-

siology, 37, 316–332.

Keller, E. L. (1977). Control of saccadic eye movements by midline

brain stem neurons. In R. Baker, & A. Berthoz (Eds.), Control of

gaze by brain stem neurons (pp. 327–336). New York: Elservier,

North-Holland Biomedical Press.

King, W. M., & Fuchs, A. F. (1979). Reticular control of vertical

saccadic eye movements by mesencephalic burst neurons. Journal

of Neurophysiology, 42, 861–876.

Kustov, A. A., & Robinson, D. L. (1996). Shared neural control of

attentional shifts and eye movements. Nature, 384, 74–77.

Maunsell, J. H. R., & Newsome, W. T. (1987). Visual processing in

monkey extrastriate cortex. Annual Review of Neuroscience, 10,

363–401.

Maunsell, J. H. R., & Van Essen, D. C. (1987). The topographic

organization of the middle temporal visual area in the macaque

monkey: representational biases and the relationship to callosal

connections and myeloarchitectonic boundaries. Journal of Com-

parative Neurology, 266, 535–555.

Moschovakis, A. K., Scudder, C. A., & Highstein, S. M. (1991).

Structure of the primate oculomotor burst generator. I. Medium-

lead burst neurons with upward on-directions. Journal of Neuro-

physiology, 65, 203–217.

Moschovakis, A. K., Scudder, C. A., Highstein, S. M., &Warren, J. D.

(1991). Structure of the primate oculomotor burst generator. I.

Medium-lead burst neurons with downward on-directions. Journal

of Neurophysiology, 65, 218–229.

Pare, M., & Munoz, D. P. (1996). Saccadic reaction time in the

monkey: advanced preparation of oculomotor program is primar-

ily responsible for express saccade occurrence. Journal of Neuro-

physiology, 76(6), 3666–3681.

778 W. Zhou, W.M. King / Vision Research 42 (2002) 771–779



Posner, M. I. (1980). Orientation of attention. Quarterly Journal of

Experimental Psychology, 32, 3–25.

Previc, F. (1990). Functional specialization in the lower and upper

visual fields in humans: its ecological origins and neurophysiolog-

ical implications. Behavioral and Brain Sciences, 13, 519–575.

Remington, R. W. (1980). Attention and saccadic eye movements.

Journal of Experimental Psychology: Human Perception and Per-

formance, 6(4), 726–744.

Robinson, D. A. (1963). A method of measuring eye movement using a

scleral search coil in a magnetic field. IEEE Transactions on

Biomedical Engineering, BME-10, 137–145.

Robinson, D. A. (1973). Models of the saccadic eye movement control

system. Kybernetik, 14, 71–83.

Robinson, D. L., Goldberg, M. E., & Stanton, G. B. (1978). Parietal

association cortex in the primate: sensory mechanisms and behav-

ioral modifications. Journal of Neurophysiology, 41, 910–932.

Rubin, N., Nakayama, K., & Shapely, R. (1996). Enhanced perception

of illusory contours in the lower versus upper visual hemifields.

Science Wash., DC, 271, 651–653.

Saslow, M. G. (1967). Effects of components of displacement-step

stimuli upon latency for saccadic eye movement. Journal of the

Optical Society of the America, 57(8), 1024–1029.

Schlykowa, L., Hoffmann, K. P., Bremmer, F., Thiele, A., &

Ehrenstein, W. H. (1996). Monkey saccadic latency and pursuit

velocity show a preference for upward directions of target motion.

NeuroReport, 7, 409–412.

Skrandies, W. (1987). The upper and lower visual field of man:

electrophysiological and functional differences. In H. Autrum et al.

(Eds.), Progress in Sensory Physiology (vol. 8). Berlin: Springer-

Verlag.

Smith, A. C., & Van Gisbergen, J. A. M. (1989). A short-latency

transition in saccade dynamics during square-wave tracking and its

significance for the differentiation of visually-guided and predictive

saccades. Experimental Brain Research, 76, 64–74.

Tian, J. R., & Lynch, J. C. (1996). Corticocortical input to the smooth

and saccadic eye movement subregions of the frontal eye field

in Cebus monkeys. Journal of Neurophysiology, 76(4), 2754–

2771.

Tootell, R. B. H., Switkes, E., Silverman, M. S., & Hamilton,

S. L. (1988). Functional anatomy of macaque striate cortex.

II. Retinotopic organization. Journal of Neuroscience, 8, 1531–

1568.

Van Essen, D. C., Newsome, W. T., & Maunsell, J. H. R. (1984). The

visual field representation in striate cortex of the macaque monkey:

asymmetries, anisotropies, and individual variability. Vision Re-

search, 24, 429–448.

Vilis, T., Hepp, K., Schwarz, U., & Henn, V. (1989). On the generation

of vertical and torsional rapid eye movements in the monkey.

Experimental Brain Research, 77, 1–11.

Wenban-Smith, M. G., & Findlay, J. M. (1991). Express saccades: is

there a separate population in humans? Experimental Brain

Research, 87(1), 218–222.

W. Zhou, W.M. King / Vision Research 42 (2002) 771–779 779


