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ties and differences in the behavioral characteristics of saccades to visual

and somatosensory

targets can provide

cade command

signals must incorporate

insight

1. We comparedthe propertiesof saccadesto somatosensory
into this process. All saccades are produced by the same
andvisual targets.This comparison provides insight into the translation of sensorysignalscoding target locationin different sensory extraocular muscles, but the spatial locations of visual and
coordinateframeworksinto motor commandsof a commonformat. somatosensory saccade targets are initially represented by
the brain in different coordinate frameworks. Visual signals
Vibrotactile stimuli were delivered to the hands, which were fixed
in position and concealedbeneatha barrier. Saccadesof different arising in retinal coordinates and somatosensorysignalsarisdirections
and amplitudes
were elicited
by the same somatosensory
ing in somatotopic coordinates must be translated into a
target from different initial eye positions. Both monkeys and hucommon oculomotor frame of reference to share the same
mansservedas subjects.
final motor pathway. Although visual and somatosensory
2. Somatosensory
saccades
were less accurate
than visual
sacsaccadesmay differ in features such as accuracy and reaction
cadesin both humansand monkeys.When the barrier concealing
time,
which are influenced by sensory processes,they should
the hands was removed, somatosensorysaccadeaccuracy imbe
similar
in movement dynamics determined by this final
proved.
While the hands were concealed, the visual frame of refercommon pathway.
ence provided by room illumination
did not greatly affect saccade
accuracy:accuracywasnot degradedin completedarknessfor two
In the visual system, a target excites a particular region
of three monkeys.
of the retina, so the initial spatial information regarding its
3. The endpoints of saccades to a single somatosensory target
position is encoded retinotopicaIly. However, the retinal lovaried with initial eye position for the monkeys, but not for the cation of a visual stimulus provides insufficient information
human subjects.
for guiding a saccade if the eyes have moved since the
4. We also found evidence
of an effect of limb position
on somatosensorysaccades:when human subjectsperformedthe task with stimulus was presented. Because saccadescan be made accurately under these conditions (Mays and Sparks 1980)) saccrossed hands, the incidence of curved saccades increased. Saccades
often

began

in the direction

of the unstimulated

hand

and

curved

information

regard-

ing eye position or change in eye position since the target
to delay the saccade
by 600- 1,000msafter targetonset(the delayed was presented. By the level of the superior colhculus (SC),
markedly toward the stimulated hand. When one subject was required
saccade

task),

the saccades

were

straight.

Somatosensory

saccades

were also straight when the hands were not crossed.
5. The reaction times of somatosensory
saccadeswere longer
than the reaction times of visual saccades, and they decreased as
a function of saccade amplitude. The delayed saccade task reduced

this computation

has been performed:

quasivisual

(QV)

ce11s

code the direction and amplitude of a saccadeto the target
rather than the locus of retinal stimulation. If the eyes move
after a saccade target disappears,

the site of QV cell activity

the differencesbetweensomatosensory
and visual saccadereaction in the SC shifts from the original locus to one that codes
the new direction and amplitude of the saccaderequired to
times. The reaction times of saccades to very dim visual targets
increased

into

the range

found

for

saccades

to somatosensory

gets. When the saccade target was the combination

tar-

of the somato-

look

to the target.

Similar

cells

have

also been found

in

sensoryand visual stimuli at the samelocation, the reaction time

parietal cortex (Gnadt and Andersen 1988; Duhamel et al.
1992) and the frontal eye fields (Bruce and Goldberg 1990).

was

Related

slightly

lower

than

6. The peak velocities

for visual

targets

alone.

of somatosensory

saccades were lower
than thoseof visual saccades
of the sameamplitude.The velocities

experiments

have demonstrated

that acoustically

re-

sponsive cells in the SC also encode the position of auditory
targets
in eye-centered rather than head-centered coordinates
of saccades
to combined
somatosensory
and visual
targets
were
(Jay and Sparks 1984, 1987b).
indistinguishable
from those of saccades to visual targets alone,
Spatial information about tactile targets is present even at
The differencesbetweensomatosensory
and visual saccadevelocthe earliest stages of somatosensory processing because of
ity were maintained in the delayed trial type. These differences
suggestthat the main sequenceor velocity-amplituderelationship the topographic organization of the receptors on the body
characteristic of saccades dependson the modality of the target.
surface. A complex transformation of these somatotopic sig7. The implicationsof thesemodality-dependentdifferencesin nals is required to generate a saccadecommand. Information
accuracy, reaction time, and saccade velocity are discussed with
regarding the position of the stimulus on the body surface
regardto modelsof the saccadegeneratorandthe coordinatetransmust be combined with information regarding the position
formation

necessary for somatosensory

saccades.

INTRODUCTION

How are somatosensory
signals translated
for saccadic eye movements ? A comparison
412
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into commands
of the similari$5.00

Copyright

of that region of the body with respect to the eyes. Signals
of the position of the eyes, head, trunk, and affected limb
are required
for this calculation.
Neural signals that may
represent the output of this computation
are the subject of
the third paper in this series (Groh and Sparks 1996b). After
the goal of a saccade has been specified, motor circuitry for
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generating the saccade can be accessed. Signals from the
sensory modalities that direct saccades must converge on at
least some portion of this circuitry, including the extraocular
muscles and motoneurons at a minimum. The level at which
this convergence occurs is the subject of the second paper
in this series (Groh and Sparks 1996a).
This paper focuses on a comparison of the similarities and
differences of saccades to visual and somatosensory targets
in an attempt to gain insight into the process of sensorimotor
integration. Saccades to visual and somatosensory
targets
may differ in features that are determined by processes that
occur independently for each of the two sensory systems,
but they should be similar in features determined at the level
of the common motor pathway. For example, differences in
reaction time and accuracy may reflect differences in sensory
processing of visual and tactile stimuli before convergence
onto a common motor pathway. Reaction time will depend
in part on the afferent delay and the processing time required
for stimulus detection and the computation of the appropriate
saccade command. Accuracy will depend on the precision
with which the two sensory systems localize targets in space,
and the precision of the computation of the saccade goal on
the basis of this information. The impact cf these features
on the reaction time and accuracy of the resulting saccade
may be determined by the arrival time and the specific value
of the input signal to a common motor pathway.
In contrast, if the signals specifying the saccade goal are
in the same format for both modalities, and if the dynamics
of the saccades (velocity, trajectory, etc.) are determined
solely by properties of neural circuits subsequent to the point
of sensory convergence, then saccade dynamics should be
indistinguishable on the basis of sensory modality. Modalityspecific differences in the dynamics of saccades must reflect
differences in the activity in the common motor pathway
and the way this circuitry is activated. Such differences will
illuminate our understanding of the saccade-generating circuitry .
A preliminary report of this work has appeared elsewhere
(Groh and Sparks 1992b).
METHODS

Monkeys

and surgical procedures

One male and two female rhesus monkeys (A4acaca mulatta)
served as subjects in these experiments. The experimental protocols
were approved by the University of Pennsylvania Animal Care and
Use Committee. In a sterile surgical procedure under isoflurane
anesthesia, a coil of fine wire was sutured to the sclera of each
animal (Judge et al. 1980). In the same procedure, stainless steel
bone screws were implanted in the skull and a fixture for immobilizing the head was attached using bone cement (Palaces R) . Behavioral training on a variety of oculomotor tasks was begun no
sooner than 1 wk after surgery. Head restraint was begun 3-6 wk
after surgery, allowing integration of the screws into the skull.
Complete data sets were obtained on two of the three monkeys.
Data on somatosensory saccade accuracy with the hands visible
(see subsequent sections) were not obtained in the third animal.

Humans
Two human volunteers served as subjects of these experiments in
accordance with the regulations of the University of Pennsylvania
Human Subjects Committee.
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FIG. 1.
Drawing
of the apparatus. Monkeys
reached through guide tubes
(not shown) to 2 posts underneath
a light-emitting
diode (LED)
board. The
vibratory
somatosensory
stimuli were delivered
through the posts. Visual
targets were presented on the overlying
LED board and on a video monitor
at the back. The monkeys’
heads were tilted forward
-2OO and the LED
- 15”. Human subjects used the same
board was slanted up from horizontal
apparatus, except that the guide tubes were removed.

Apparatus, stimuli, and eye position recording
Monkeys were placed in a primate chair with two openings in
the front for protrusion of the arms. Animals reached out through
the arm holes to the apparatus shown in Fig. 1. Guide tubes directed
the hands to two posts mounted out of view beneath a visual display
that consisted of light-emitting
diodes (LEDs). Contact with the
posts was monitored electronically
through contact sensors. The
LED board was slanted - 15” up from horizontal, and the monkey’s
head was tilted forward -20’ from vertical, to permit viewing of
the LEDs at a less obtuse angle. Target and eye positions are given
with respect to the magnetic field; because of the tilted head, these
positions do not correspond to the angular rotation from the center
of the orbit for the monkeys. Additional
visual targets consisting
of spots similar to LEDs were presented on a video monitor placed
at the back of the LED board (not shown) to provide a greater
range of initial eye positions. The primate chair was placed in a
frame with alternating horizontal and vertical magnetic fields. Eye
position was monitored through the scleral eye coil with an accuracy of -0.25’ (Robinson 1963).
The most important consideration in choosing a somatosensory
stimulus for these experiments was that it be silent, so that the
subjects would receive no auditory information regarding the location of the stimulus. Monkeys and humans are quite capable of
making saccadic eye movements to auditory stimuli. This constraint ruled out the use of air puffs, a popular somatosensory
stimulus, because the air makes an easily detectable noise when it
exits the air tube. We found that this sound was still discernible
through masking noise. Mechanical devices that tap the skin also
generally make noise, arising either from the motor itself or at
the point where the contactor strikes the skin. Electrocutaneous
stimulation was impractical because the ranges of detection and
pain thresholds overlap in human subjects (Rollman and Harris
1987), and we did not want the tactile stimulus to be aversive in
any way. With these candidates ruled out, vibration was the best
option because it could be delivered silently through an electromagnetic device. Because humans and monkeys are most sensitive to
vibration on their hands and fingertips, this was the sensible place to
deliver the stimuli. Consequently, we constructed electromagnetic
vibratory stimulators as described by Sherrick ( 1965 ) and attached
them to the posts grasped by the monkeys’ hands, causing the posts
to vibrate when activated. The frequency of vibration was 60 Hz,
but the stimulators were turned on for 17 ms ( 1 cycle at 60 Hz)
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then off for 83 ms, providing a pulse of vibration every 100 ms.
These stimulators made no audible sounds.
Human subjects were tested in the same apparatus as the monkeys, but with the guide tubes removed. Subjects placed their fingertips on the posts rather than grasping them. Eye position was
monitored using contact lenses with eye coils (Skalar Medical).
The eye was anesthetized with proparacaine hydrochloride
(AlCaine) before coil insertion. Sessions were limited to no more than
30 min. A bite bar adjusted to a comfortable height and angle was
used to stabilize subjects’ heads.

Behavioral training : monkeys
Monkeys were placed on a water restriction schedule and received water as reinforcement during training and experimental
sessions. Monkeys were first trained to fixate individual visual
targets, then to make saccades from one visual stimulus to another
in a variety of trial types (see below). Then, monkeys were trained
to make saccades to the location of somatosensory stimuli.
Throughout training, and throughout most of the experimental sessions, the monkeys were unable to see the positions of their hands
in the apparatus. During training, the somatosensory stimulus was
presented and saccades to the target occurring within 500-800 ms
were reinforced. If no targeting saccade occurred, then a visual
target at approximately
the same spatial location was presented
and the monkey was rewarded for looking to the visual target.
Gradually, the amount of time permitted for making a saccade to
the second visual target was reduced below the reaction time of
the monkey, so that only saccades to the somatosensory target
alone were reinforced. The monkeys easily learned to perform
saccades to the somatosensory targets.
Because the apparatus was placed so close to the eyes (4-9.5
in.), daily variations in head position produced significant changes
in the rotation of the eyes necessary to look at a given target. In
addition, much of the apparatus lay beyond the 220” linear range
of the search coil system. For these reasons, the positions of the
somatosensory targets were determined each day by measuring the
angle of gaze when the subjects were looking at visual targets
attached to or overlying the somatosensory targets, after calibration
of the eye coil. Usually, the LED that lay most nearly on a line of
sight from the eye with the coil to each underlying post as determined by the experimenter was used. This method produced reasonable accuracy. In a few sessions in which accuracy data were
collected, the LED board was removed and LEDs were attached
to the posts themselves. These provided a still more accurate measure of post position, and verified the results of the other calibration
technique. This method was not used regularly because it required
dismantling the apparatus.
Two of the three monkeys (777 and 778) were rewarded with
a drop of water for correct trials on a variable ratio schedule. A
variable ratio reward schedule of between 2: 1 and 3:l was used
for visual trials, and between 4:3 and 2: 1 for somatosensory trials.
The third animal (153) was placed on a continuous reinforcement
schedule. For all three animals, a secondary reinforcer consisting
of a burst of white noise was delivered at the end of all correct
trials.
Monkeys were permitted to move their hands and arms between
trials. The intertrial interval was l-3 s. The beginning of the next
trial was signaled by a beep, after which the animals had 4 s to
grasp the posts. Their arms were never physically restrained in any
way, but if they released either post during the course of a trial,
the trial was aborted.

Behavioral training : humans
The authors served as human subjects, and both had prior experience performing a variety of oculomotor tasks. Subjects touched
each post with their fingertips rather than grasping them as the
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monkeys did. Subjects briefly practiced making somatosensory saccades before the first session in which data were collected. They
were instructed to make saccades to the location of the somatosensory or visual stimuli but were not given any feedback regarding
the accuracy of their saccades. They were free to wiggle their
fingers, but did not generally release contact with the posts between
trials.

Trial types: monkeys
Different trial types were presented in random order in variable
ratios that depended on the data set (Fig. 2). In all trial types,
continuous contact with both posts was required throughout the
trial.
SIMPLE
TRIAL TYPE.
Monkeys fixated a visual target for a variable interval (500-1,000
ms) (Fig. 2, top). This target was presented either on the LED board or on the video monitor. Then the
fixation light was turned off and a second target was turned on.
The second target was either visual, somatosensory, or combined
visual and somatosensory. Combined targets were always spatially
coincident, and these visual targets were presented on the LED
board. A saccade to the second target within 500 ms and fixation
for an additional 300-500 ms was followed by a reward.
DELAYED
SACCADE
TRIAL TYPE.
On delayed saccade trials, following fixation of the initial visual target for 500-1,000
ms, the
second visual or somatosensory target was turned on (Fig. 2, wliddie). Continued fixation of the first target was required until it was
extinguished 600~1,000 ms later; then a saccade to the second
target within 500 ms was rewarded.
Saccade accuracy might be improved on visual trials by the
continued presence of a visual target at the end of visual saccades,
but there was no visual feedback at the end of somatosensory
saccades to improve accuracy because the hands were concealed.
To equate the effects of visual feedback, when assessing saccade
accuracy, targets of both modalities were extinguished during the
saccade to the target. Under these conditions, reward was contingent on eye position staying within the target window for only 100
ms, because a target for fixation was no longer present.
FIXATION
TRIAL TYPE.
Fixation trials constituted 20-30% of the
total trials in each session to ensure that monkeys used the somatosensory stimulus as a target, rather than adopting a strategy of
making a saccade to one of the two hands whenever the fixation
light was turned off in the absence of a visual target. Monkeys
were required to fixate a visual target for 500-2,000
ms, then the
target was extinguished for 500- 1,000 ms and reilluminated
(Fig.
2, bottom). Until the reillumination
of the visual fixation target,
the visual conditions of this trial type were identical to those of
simple and delayed trials involving somatosensory targets. Reward
was contingent on maintained fixation. These trials were effective
in preventing the monkeys from making saccades to their hands
when no stimulus had been delivered.

Trial types: humans
Human subjects performed only the simple trial type with targets
extinguished during the saccade, except for a few additional delayed saccade trials in one of the experiments. Subjects were instructed to touch the posts, but contact was not monitored. No
fixation trials were used.

Dimensions of targets, hands, and jingers in degrees of
visual angle
With the apparatus placed so near the eyes, the visual angles
subtended by the visual stimuli and the somatosensory stimuli
when not occluded were quite large. For the monkeys, the visual
angles of the LEDs overlying the posts were 3.2”. The posts were
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in contact with the posts was the same as the posts themselves.
We used the centers of the posts and LEDs for the center of the
reinforcement window in training the animals. The possible effects
of hand size are addressed in the DISCUSSION.

TYPES

SIMPLE

Dimensions of reinforcement windows
A major goal of these experiments was to determine the accuracy
of saccades to somatosensory targets. How animals are trained to
perform the task can influence saccade accuracy. One training strategy we could have used would be to reward only saccades that
ended within a small window around the actual target location. This
would have produced the appearance of good saccade accuracy.
However, it is well known that monkeys can be taught to perform
the antisaccade task of Hallett ( 1978)) in which they look away
from instead of toward a target (Funahashi et al. 1993). In short,
they can easily be trained to look to a spatial location that is
different from the perceived location of the stimulus eliciting the
saccade. Consequently, we used relatively large windows (t614”) and rewarded the animal for making short-latency movements
directed toward the stimulus. A similar strategy has proved effective in training monkeys to perform saccades to auditory and remembered visual targets (Jay and Sparks 1987a; White et al.
1994). We used windows of the same size for visual targets. If
the monkey merely relaxed accuracy because of the large window,
the effect should be apparent on visual trials too. As Table 2
indicates, this was not the case. Because of the effects of initial
eye position on saccade accuracy (see RESULTS),
we used the larger
windows for saccades originating from more distant origins. For
the visual fixation lights, 23-8” windows were used. The larger
windows were used only for very eccentric origins where the eye
coil nonlinearities were significant.

Fix

Target
Time

DELAYED

Fix

Target
Time

:

Data collection and analysis
FIXATION

Eye

Fix
Time

I

I

1

I

\-

FIG. 2.
Trial types. At the beginning
of trials of all 3 types, the subject
was required
to fixate an initial visual stimulus.
In the simple trial type
(top), after a period of 500- 1,000 ms, a somatosensory,
visual, or combined
target was presented and the fixation light was extinguished
simultaneously.
A saccade to the target was required for a reward. In some sessions, the
target was extinguished
during the saccade (see text). In the delayed trial
type (middle),
the fixation light stayed on while the target was presented.
The subject was required
to wait until the fixation
light was turned off
before making a saccade to the target. Again, for some sessions the target
was turned off during this saccade. The fixation trial type (bottom)
served
as a control for monkey subjects. In this trial type, no target was presented.
The fixation light was turned off, but the animal was required to maintain
fixation until the light was reilluminated
at a later time.

3.6” wide, and the monkeys’ hands were -7- loo wide. The surface
area of the monkeys’ hands that came in contact with the posts
subtended the same visual angle as the posts themselves, because
the hands were clasped around the posts rather than opened out
flat. The dimensions were slightly different for the human subjects.
For subject JMG, the LEDs were 1.8O diam, whereas the hands,
fingers, and posts subtended 17.6, 2.6, and 2.6”, respectively. For
subject DLS, the LEDs, hands, fingers, and posts were 2.9, 29, 5.4,
and 3.6O diam. Again, the visual angle of the surface of the fingers

Data were collected on a PDP 11/73 computer and analyzed
off-line on Sun Sparcstations. Horizontal and vertical eye position
were sampled every 2 ms. A correction for the nonlinearity of the
eye coil measurement system was applied off-line to the eye position samples from the monkeys. This correction was not applied
to the human data because the field coils were tilted forward in
those sessions, reducing the nonlinearity in the range of eye positions being measured. The amplitude and direction of saccades
were measured using velocity criteria for determining onset and
offset. Onset threshold was usually 3O”/s, and offset was usually
2O”/s. Saccade traces were inspected to ensure that these criteria
accurately bracketed the movement, and if not, the criteria were
adjusted.
RESULTS

Accuracy
We used two measuresof saccadeaccuracy: the
mean distance of saccade endpoints from the center of the
target and the variance of the population of saccade endpoints.’ (Although the vibrating post was not a point source,
and vibration produces a diffuse sensation, the mean error
and scatter of saccades with respect to the center of the
post provided convenient metrics of saccadeaccuracy.) The
saccade endpoints for somatosensory targets are shown for
two monkeys in Fig. 3, A and 13 (dim illumination, hands
concealed). The circles show the positions of the posts. The
MONKEYS.

’ The mean distance was computed only in sessions in which the positions
of the targets were measured from the position of the monkey’s
eyes during
fixation of a visual target attached directly to the posts. This method was
only employed
for 2 of the 3 monkeys.
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FIG. 3.
Endpoints of somatosensory
saccades when the
monkeys’
hands were concealed (A and H) and when the
hands were visible (C and 0). Circles:
locations of the
somatosensory
targets. These data were collected using the
simple trial type in a single session. Saccades started from
a horizontal
row of origins above the targets. The mean
distances of the endpoints from the targets decreased for
both monkeys
when the hands were visible. For monkey
778, the mean distance of saccade endpoints from the left
target decreased from 9.1 t 0.4” (mean 5 SE) to 5.7 +
0.3” (2 = 6.4, P < 0.0005)
and the mean distance from
the right target decreased from 7.2 t 0.3” to 6.4 t 0.5”
(2 = 1.4, P < 0.10). For monkey 153, the mean distance
from the left target decreased from 19.1 + 0.3” to 13.1 t
0.3” (2 = 14.4, P < 0.0005)
and the mean distance from
the right target decreased from 23.7 t 0.4” to 19.2 + 0.5”
(2 = 7.5, P < 0.0005 ) .
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dots represent the endpoints of saccadesinitiated from five
different fixation positions, ranging from 25 to 45” from
the posts. The endpoints of the somatosensory saccadesof
monkey 778 were scattered acrossa wide range that bordered
on the targets, but were biased to the left of the targets. The
saccade endpoints of monkey 153 were also considerably
scattered, and were biased above the targets. For monkey
778, the mean distances of the saccade endpoints from the
center of the target were 9.1” (left target) and 7.2” (right
target). For monkey 153, the mean distances were 19.1” (left
target) and 23.7” (right target) (Fig. 3B). Few side errors
were made: in these data sets, neither monkey made any
saccadesthat terminated within the reinforcement window
for the wrong hand. Secondary saccades occurred infrequently and did not contribute significantly to reducing the
distance of the eyes from the targets.
The scatter in saccadeendpoints was considerably greater
than the size of the post. Several factors may contribute to
the large errors. First, because the hands were not visible,
visual feedback to improve accuracy was unavailable. Second, although the post was only 3.6” diam, the hands were
much larger (7- 1O”) . If the saccadegoal included the hand
itself, the magnitude of the errors relative to the size of the
target (the hand) would be smaller. Third, the accuracy of
saccadesto somatosensorysaccadesdependson the accuracy
of body position signals, eye position signals, and cutaneous
localization. As will be shown in Fig. 5, initial eye position

1

20

l

30

1

40

(degrees)

had a significant effect on saccade accuracy. The multiple
initial fixation targets used in this sessioncontribute to the
scatter in the saccade endpoints.
A fourth potential source of inaccuracy is the intent of
the monkey. It is possible that the saccadeswere directed
not to a specific target detected by the hands but rather to
the general region of space associated with the reward. If
so, then providing better information regarding the locations
of the somatosensory targets should have no effect on saccade accuracy. To test this idea, we permitted the monkeys
to view their hands while performing the task, and examined
the impact on saccade accuracy. Figure 3, C and D, shows
the endpoints of saccadesto somatosensorytargets when the
opaque barrier concealing the hands was removed. Data are
from the same sessionas Fig. 3, A and B. When the hands
were visible, saccade accuracy improved. For monkey 778
(Fig. 3C), the mean distances from the target decreased to
5.7 and 6.4”. For monkey 1.53 (Fig. 3 D), the mean distances
decreased to 13.1 and 19.2”. The range of scatter was also
slightly reduced for monkey 778. These data suggestthat the
monkeys were in fact attempting to look to the locations of
their hands.
The failure of the monkeys to achieve greater accuracy
even when their hands were visible was probably due to a
combination of factors. As will be covered in greater detail
in the DISCUSSION,
biases in limb and eye position signals
probably prevented the first saccadefrom being completely
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FIG. 4.
Endpoints of somatosensory
saccades for human subjects with hands not visible and with hands visible. Saccades
began from a horizontal
row of origins above the targets. When subject JMG’s hands were not visible (A), the mean distances
of the saccade endpoints from the targets were 7.2 + 0.4” (left) and 8.7 + 0.6” (right).
When the hands were visible ( C) ,
the mean distances decreased significantly
to 2.2 5 0.2” (left, 2 = 11.1, P < 0.0005) and 2.6 + 0.3” (right, 2 = 9.9, P <
0.0005).
Secondary
saccades occurred
in 41% of the trials when the hands were visible (E). In these trials, the mean
distances of the endpoints
of the second saccades from the targets were 0.8 5 0.1” (left) and 1.6 k 0.2” (right).
When
subject DLS’s hands were not visible (B), the mean distances of the saccade endpoints
from the targets were 3.3 + 0.4”
(left) and 3.3 t 0.7” (right).
When the hands were visible (D), the mean distances decreased significantly
to 1.3 + 0.1 O
(left, 2 = 4.9, P < 0.0005) and 1.7 + 0.2” (right, 2 = 2.3, P < 0.025). Secondary
saccades occurred in 32% of the trials
when the hands were visible (F). In these trials, the mean distances of the endpoints from the target were 0.8 + 0.1” (left)
and 1.7 + 0.3” (right).
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FIG. 5.
Mean saccade endpoints (a, n ) as a function of starting eye position (0, q ) for the left and right somatosensory
targets. The saccade endpoints for a given target depended on the starting eye position for the 3 monkeys,
but not for the
human subjects.

accurate even with visual information available. Because the
vibratory stimulus was turned off when their eyes entered the
reinforcement window, the monkeys may not have detected
residual error. Furthermore, because they were rewarded as
soon as they entered the window,
the monkeys had little
incentive to make corrective saccades to eliminate any detectable residual error.
HUMANS.
Human subjects were somewhat more accurate
than monkeys in making saccades to somatosensory targets.
The subjects reported that the task of orienting to the tactile
stimulus was a natural, reflexive behavior that did not require
much effort. Figure 4, A and B, shows the endpoints of
somatosensory
saccades to the two targets with the hands
concealed for both subjects. The five initial fixation targets
used for this session were located 20-40” from the posts.
The mean distances of the endpoints from the centers of the
posts were 7.2” (left) and 8.7” (right) for subject JMG and
3.3” (left) and 3.3” (right) for subject DLS. As mentioned
in METHODS,
the visual angle of the post was 2.6” for subject
JMG. The saccade endpoints of this subject were scattered
over a horizontal range of -loo, and, as with the monkeys,
were substantially offset from the targets. The visual angle
subtended by the post was 3.6” for subject DLS. The saccade

endpoints of this subject were scattered over a horizontal
range of 10” that included the position of the post, although
they were offset to the right.
The influence of visual information regarding limb position on saccade accuracy was also examined in the human
subjects. When the hands were visible (Fig. 4, C and D),
the mean distances of the endpoints from the center of the
post decreased to 2.2” (left) and 2.6” (right) for subject
JMG. For subject DLS, the mean distances decreased to 1.3”
(left) and 1.7” (right). These differences were statistically
significant (see legend to Fig. 4).
Secondary saccades had a negligible impact on accuracy
when the hands were concealed, but a significant effect when
the hands were visible. Secondary saccades occurred in 0%
of the trials for subject JMG and <2% of the trials for subject
DLS when the hands were concealed. When the hands were
visible, the occurrence of secondary saccades increased to
41% of the trials for subject JMG and 32% of the trials for
subject DLS. Figure 4, E and F, shows the endpoints of those
saccades with respect to the two targets.
EFFECTS
OF INITIAL
EYE POSITION.
As discussed previously,
to produce accurate somatosensory
saccades subjects must
take into account the position of the eyes with respect to the
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TABLE
1.
Linear regression of the horizontal component of
jinal eye position onto the horizontal component of initial eye
position

Subject
778
Left
Right
1.53
Left
Right
777
Left
Right
JMG
Left
Right
DLS
Left
Right

Slope

R2

0.29
0.19

0.49
0.57

0.22
0.17

0.57
0.61

0.21
0.30

0.47
0.76

0.07
0.3 1

0.01
0.01
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sory saccades was at least double the variance for visual
saccades,a greater difference than can be accounted for by
the differences in the size of the posts and LEDs.
OF VISUAL
FRAME
OF REFERENCE.
We also examined the impact of visual landmarks on somatosensory
saccadeaccuracy. Table 2 shows the results of a comparison
of the variance of the endpoints of somatosensory saccades
to a single target in the dark and in dim illumination with
the hands concealed. For two of the three monkeys (778
and 777), the variance in saccade endpoint did not differ
significantly across the two conditions. The variance of the
saccade endpoints was significantly lower (P < 0.001) in
the light than in the dark for the third animal (monkey 153).
None of the three animals had difficulty performing the task
in the dark.

INFLUENCE

OF TIME.
One possible limitation of somatosensory saccade accuracy is afferent processing time. In the
simple trial type, saccadesmight have been initiated before
the desired goal was computed with the maximum accuracy
tactile stimulus. We therefore examined the influence of eye
possible. In the delayed trial type, the target was on for 600position on the accuracy of somatosensorysaccades.For the
1,000 ms before the fixation light was extinguished, cuing
monkeys, where saccadesto a given somatosensory target
the animal to make a saccade. In this trial type, the monkey
ended dependedon the initial position of the eyes in the orbit.
had much more time to detect the stimulus and compute the
Figure 5 shows the mean saccadic endpoints for saccades
metrics of the appropriate saccade. However, the variance
beginning from a row of origins above the two targets. Saccades to a single target beginning from leftward origins in saccade endpoint was higher in the delayed trial type
ended to the left of saccadesto the same target beginning than in the simple trial type for all three monkeys, and the
differences were significant for two of the three monkeys
from rightward origins. Secondary saccadeswere rare and
too small to correct for these errors. This pattern was found (Table 2). This suggeststhat the inaccuracy of somatosenin the monkeys but not in the human subjects, and bears a sory saccadesis not due to insufficient processing time.
striking resemblance to the orbital position effect on mem- CROSSED
HANDS.
We examined the effects of limb position
ory-guided saccadesthat occurs primarily in monkeys. Table on somatosensory saccadesin human subjects performing
1 shows the results of a regression of the horizontal compo- the saccadetask with hands crossed. The right hand touched
nent of final eye position onto the horizontal component of the left post and vice versa. Under these conditions, the
initial eye position for each subject and target for the data trajectories of many saccades curved markedly (Fig. 6))
set shown in Fig. 5. We consider the contribution of these with no noticeable delay for the change in direction (Fig.
initial eye position effects to the variability in the saccade 6F). Figure 6, A and D, shows saccadetrajectories for the
endpoints to be a major limitation on saccadeaccuracy. This somatosensory target on the left side for uncrossed hands.
will be explored in greater detail in the DISCUSSION
section. Figure 6, B and E, shows saccade trajectories for the same
COMPARISON
WITH
VISUAL
SACCADES.
The variance in the target when the hands were crossed. Many saccadesbegan
endpoints of visual saccadeswas significantly lower than that in the direction of the wrong target and curved toward the
of the endpoints of somatosensory saccadesfor all subjects correct one in midflight. Normally, with hands uncrossed,
(Table 2). These data were collected from multiple origins. the somatosensory and visual saccadesof both humans and
monkeys were straight. When a block of delayed trials was
The visual saccadeswere all directed to the LEDs overlying
the somatosensory targets. The angle subtended by the so- run with the use of the crossed hand paradigm, saccade
matosensory stimuli (the posts) was roughly 16% larger than trajectories were straight (Fig. 6C). This suggeststhat prothe angle subtendedby these visual stimuli for the monkeys, cessingtime does affect somatosensorysaccadesunder these
44% larger for human subject JMG, and 24% larger for conditions. In the 5- 10 min it took to collect these data,
subject DLS (the relative distance of the visual targets was there was no trend toward straighter trajectories as a function
different for different subjects). The variance for somatosen- of experience.
TABLE

2.

0
0.04

Variance

Accuracy
Monkey
Monkey
Monkey
Human
Human

EFFECTS

in saccade endpoints

Comparison”
778
153
777
JMG
DLS

0
0

Somatosensory/Visual
F(88,34)
F(159,29)
F(92,112)
F(38,22)
F(70,34)

= 12.69b
= 2.00”
= 2.79b
= 14.32b
= 2.72d

Dark/Dim
F(31,33)
F(50,125)
F(63,90)

= 0.92
= 4.47b
= 1.18

Simple/Delayed
F(45,43)
F(l56,158)
F(90,70)

a Data from 1 target, 1 session, a variety of initial fixation targets. b Significant,
P < 0.001. ’ Significant,
P < 0.025. ’ Significant,
of delayed saccade endpoints was significantly
higher than simple saccade endpoints, P < 0.001 and P < 0.025, respectively.

= 0.70
= 0.48”
= 0.55”

P < 0.005. ’ Variance

J. M.

420

A

HUMAN

D

JMG

AND

D. L. SPARKS

HUMAN
DLS
LEFT TARGET
HANDS
UNCROSSED

LEFT TARGET
HANDS
UNCROSSED

4o”

GROH

40*

T

-40”

B

LEFT
HANDS

40*

T

-

FIG. 6. Trajectories
of somatosensory
saccades.
Each
point represents eye position sampled every 2 ms. The horizontal and vertical components
of eye position are plotted on
the X- and Y-axes. A and D : 10 saccades to the left target
when the hands were uncrossed. B and E: 10 saccades to the
same target when the hands were crossed. C: 10 saccades to
the same target when the hands were crossed but the delayed
trial type was used for subject
JA4G. F: horizontal
eye position and horizontal
eye velocity
as a function of time for a
single trial in which subject
DLS made a curved saccade.
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For both monkeys and humans, the latencres or saccaaes
to somatosensory targets in the simple trial type were longer
than those of saccades of similar amplitude to visual targets
(Fig. 7). Saccades to combined visual and somatosensory
targets had slightly shorter latencies than saccades to visual
targets alone, but this difference was not always significant
(only monkeys tested). For somatosensory saccades, latency
decreased as a function of saccade amplitude in all subjects.
The latency-amplitude relationship for visual saccades in the
same range of amplitudes varied with individual monkeys.
One showed a decrease in latency with amplitude, and two
showed no trend. The latency-amplitude relationship for visual saccades in humans was also flat. The reaction times

for somatosensory
saccades were shorter for humans than
for monkeys, but the visual saccade reaction times were
comparable. At 25” amplitude, the human reaction time for
somatosensory targets was -200 ms, whereas for the monkeys it ranged from -220 to -250 ms. The human reaction
time for visual targets was - 175 ms, whereas for the monkeys it ranged from - 160 to - 180 ms.
Differences in afferent processing time could contribute
to the differences in saccade latency between visual and
somatosensory targets. If so, then the intensity of the saccade
target should influence reaction time. Because it was difficult
to increase the intensity of the somatosensory
target, we
decreased the intensity of the visual target to see whether
visual saccade reaction times could be lengthened beyond
those of somatosensory
saccades. Figure 8 shows that the
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FIG. 7.
Reaction time of saccades to somatosensory
(o), visual ( q I) , and combined somatosensory
and visual targets ( q )
as a function of the amplitude
of the movement.
Visual targets were presented at approximately
the same spatial locations
as the somatosensory
targets, and combined targets consisted of the somatosensory
stimulus and the LED overlying
it. The
same initial fixation
targets were used for all target types. Means and standard errors for successive ranges of saccade
amplitude
are shown. Data were collected using the simple trial type. Movements
of different
amplitudes
to the same target
were produced from different
origins. Asterisks:
mean somatosensory
and visual reaction times were significantly
different
for the corresponding
averaging
window
(t-test, P < 0.05). Triangles:
mean visual and combined
reaction times were
significantly
different
for the corresponding
range of saccade amplitudes.
For each subject, the probability
of r out of n
separate t-tests being significant
at this level if the null hypothesis were true is n ! / [ r ! (n - r) ! ] (0.0~5)~. The overall differences
between somatosensory
and visual saccade reaction times were significant
(P < 0.05) for all 5 subjects when the combined
significance
was calculated in this way. The differences
between the visual and combined target saccade reaction times were
significant
for monkeys
778 and 777 only.

reaction times of saccades to dim visual targets could be
longer than those of somatosensory saccades, udepending on
the amplitude of the movement. This suggests that afferent
processing time does influence reaction time.
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FIG. 9.
Reaction time of saccades to somatosensory,
visual, and combined somatosensory
and visual targets as a function
of the amplitude of the movement
in the delayed trial type. Reaction time was defined as the interval between offset of the
fixation target and the onset of the movement.
Asterisks
and triangles: statistical significance
for somatosensory
vs. visual
and visual vs. combined targets, respectively.
Somatosensory
and visual saccade reaction times were significantly
different
for all 3 subjects, but visual and combined
target saccade reaction times were significantly
different
for monkeys 778 and
777 only.

of either modality. Saccades to combined visual and somatosensory targets had approximately the same peak velocities
as saccades of similar amplitude to visual targets. On average, the peak velocities of the monkeys’
saccades were
higher than those of the human subjects. Unlike the modality
effects on reaction time, the influence of target modality on
peak velocity was maintained across the simple and delayed
trial types, although velocities were slightly lower in the
delayed trial type. Saccade velocity was not affected by the
intensity of the visual targets for the range of intensities used
in this experiment (data not shown).

type is shown in Fig. 9. The reaction time was defined as
the delay between offset of the fixation light, which serves
as the go cue, and saccade onset. For all three monkeys,
significant differences between visual and somatosensory
saccade reaction time remained, but in two of the three monkeys the differences were reduced. To determine whether
the reduction was significant, we calculated the difference
between somatosensory and visual reaction times for pairs
of saccades of similar amplitude (within 2”). Figure 10
shows the reaction time difference between somatosensory
and visual saccades plotted as a function of amplitude for
the simple and delayed trial types. The reduction in reaction
time differences in the delayed trial type was significant in
two of the three monkeys.

DISCUSSION

Coordinate
Velocity

Coordinate transformations of sensory signals are required
not only for perceptual processes such as the binding of
different sensory signals arising from the same source, but
for multimodal sensorimotor integration as well. In the natural world, gaze shifts toward the hand can be elicited either

Saccades to somatosensory targets had lower peak velocities than saccades of similar amplitude to visual targets for
both monkeys and human subjects (Fig. 11) . Peak velocities
increased as a function of amplitude for saccades to targets
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by the sight of a mosquito landing there, or by the tactile
sensation of its bite. The mere fact that the same action,
produced by a particular group of muscles, can be evoked
by two stimuli of different modalities meansthat one or both
of the sensory signals must be transformed into a different
coordinate framework. On the basis of our finding that both
monkeys and humanscan use saccadesto look to somatosensory stimuli, and earlier work by Grusser in humans ( 1983),
we conclude that neural signals encoding the goals of saccades to somatosensory targets must exist. Candidates for
these signals are the subject of the two succeeding papers
(Groh and Sparks 1996a,b). At a minimum, signals of the
location of the stimulus on the body surface and signals of
the position of the fingers, wrist, elbow, shoulder, neck, head,
and eyes are required for the computation of the saccade
goal. Neural signals related to the analogous transformation
of auditory signals from head-centered to eye-centered coordinates have been found (Jay and Sparks 1984, 1987b),
and possible mechanismsfor that transformation have been
proposed (Groh and Sparks 1992a).
We found significant differences between somatosensory
and visual saccades,not only in attributes such as accuracy
and reaction time, metrics that may be determined primarily
at the level of the separate sensory pathways, but also in
peak velocity, a dynamic property of the movement. Factors
contributing to the lower accuracy, longer reaction times,
and slower velocities of somatosensorysaccadeswill be discussedbelow.

Accuracy

Somatosensory saccadeswere less accurate than visually
guided saccades,both in systematic and in variable errors.
Furthermore, although there was overlap between the accuracy of humans and monkeys, on average the monkeys were
somewhat less accurate. In this section we compare the accuracy of somatosensory saccadeswith other nonvisual saccades in humans and monkeys, and discuss factors that influence saccadeaccuracy and their potential contribution to
the observed speciesdifference.
COMPARISON
WITH
OTHER
NONVISUAL
SACCADES.
Somatosensory saccadeswere somewhat less accurate than other types
of nonvisual saccadesreported in previous studies. The mean
distance of saccade endpoints from the somatosensory targets was similar to or greater than the mean errors reported
for auditory targets and remembered visual targets for monkeys and humans. For monkeys, the mean distance of saccade endpoints from the somatosensory targets ranged from
7 to 23”, whereas for humans the mean distances ranged
from 3 to 9” when the hands were not visible (for- fixation
points located distances of 20--45” from the targets). Of
previous work involving saccadesto auditory targets, a study
by Jay and Sparks ( 1990) provides the most useful comparison with the current experiments, becauseboth humans and
monkeys were examined in the same experimental format
and becauseboth vertical and horizontal components of auditory saccade errors were examined. Under these conditions
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monkeys made average errors of 5.8”, whereas humans made
errors of 4.6” (after corrective saccades; 20-36” target displacements). Other studies have reported comparable errors
in monkeys (see Whittington et al. 198 1) and humans (Zahn
et al. 1978; Zambarbieri et al. 1982; see also Frens and Van
Opstal 1994), although a greater range of errors occurs in
humans if corrective saccades are not taken into account (210”, Zambarbieri et al. 1982).
In monkeys, saccades to remembered visual targets can
be profoundly inaccurate (Barton and Sparks 1992; Gnadt
et al. 199 1; White et al. 1994). The errors depend on the
position of the target, and are greatest for saccades to targets
located below the horizontal meridian, as were the somatosensory targets in our study. Errors in the range of lo- 15”
are not uncommon. The errors consist primarily of an upward
bias, like the upward bias present in one of the monkeys
and one of the human subjects in this study. Furthermore,
memory-guided saccade accuracy is influenced by eye position: these errors are exaggerated for saccades originating
from eccentric initial fixation positions (Barton and Sparks
1992). The effect of initial fixation position is smaller or
nonexistent in human subjects, and does not occur when
monkeys make saccades to visual targets that are continuously present. Because the somatosensory saccade accuracy
data were collected using different initial fixation points, this
initial position effect is a major source of variability in saccade endpoints, and the fact that only monkeys display this
effect could account for much of the difference between
monkey and human saccade accuracy.
Physiological experiments in which the neural basis of
these biases in memory saccades were examined have raised
the interesting possibility that these errors do not result from
biases in high level signals for the saccade goal, but instead
may be added relatively late in the saccade pathway: motor
cells in the SC fire as if an accurate memory saccade were
being programmed, suggesting that the bias is added downstream from the SC (Stanford and Sparks 1994). The errors
in somatosensory saccade endpoints may contain a similar
motor bias in addition to error in the perceived location of
the target, although, as will be discussed in the succeeding
paper (Groh and Sparks 1996a), much of the error does
appear to result from signals in structures upstream from the
SC. An involuntary bias of this sort may account for the
residual errors in somatosensory
saccades when the hands
were visible. That persistent errors in gaze direction can
occur despite continuous visual targets has been demonstrated after unilateral injection of bicuculline or muscimol
into the cerebellar fastigial nucleus (Goffart and Pelisson
1994; Robinson et al. 1993; Sato and Noda 1992).
The accuracy of soOF COMPONENT
SIGNALS.
matosensory saccades is potentially limited by the accuracy
of the component signals of the coordinate transformation:
localization of the stimulus on the body surface, the kinesthetic sense of body position, and signals of eye position.
All three of these factors are likely to have a significant
impact on saccade accuracy. Although two-point discrimination of tactile stimuli delivered to the hand can be quite
accurate (in the range of a few millimeters or less; for review
see Sherrick and Craig 1982)) localization of diffuse vibratory stimuli may be substantially poorer because of the
spread of vibration, and depends on where on the body the
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stimulus is delivered (for review see Geldard 1972). Because the vibratory stimuli were delivered to different sites
on the bodies of the monkeys (hands) and humans (fingertips), this could contribute to the species differences in saccade accuracy.
Accurate position sense is also a necessary component of
the coordinate transformation
for somatosensory
saccades.
Visual feedback has long been known to improve the accuracy of position sense (for review see Clark and Horch
1986). Furthermore, accuracy of position sense depends on
the position of the body. In a visually guided hand movement
task, Ghez et al. ( 1995) reported substantial systematic errors and variable errors when human subjects initiated movements from laterally displaced initial hand positions, but not
when the hand was initially positioned near the midline.
Rossetti et al. ( 1994a) reported that the variability of pointing movements in human subjects increased when extreme
joint postures were used. The hand positions used in our
experiments for both human and monkey subjects are likely
to be subject to similar kinds of biases and variable errors
in position sense. Differences between the hand positions of
the monkeys and the human subjects in our experiments
could contribute to the accuracy differences between species.
That limb position influences the accuracy of somatosensory
saccades is evident from the results of the crossed hand
experiment. Further work is needed to determine how this
effect varies for a range of limb positions.
Accurate position sense decays with time when the body
is stationary (Paillard and Brouchon 1968; for review see
Clark and Horch 198(i), and periodic visual feedback is
necessary for calibration of position sense (Ghez et al. 1995;
for review see Clark and Horch 1986) Thus the performance
of the subjects might have improved if they had been required to actively move their arms between trials and/or if
they had been given occasional visual feedback regarding
limb position. Because the monkey experimental sessions
lasted longer than the human sessions, it is possible that the
limb position sense of the monkeys degraded considerably
more over the course of a session.
Initial eye position contributed substantially to the errors
made by the monkey subjects in these experiments. Both
eye and head position have also been shown to influence the
accuracy of visually guided pointing movements in humans
(Biguer et al. 1984; Bock 1986; Rossetti et al. 1994b), a
task that requires a comparable translation of eye-centered
visual information into a body-centered frame of reference
for generating a hand movement. The effects of initial eye
position in our study may be related to either an inaccurate
representation of eye position or inaccuracy in the computation of the relationship between the target and the eyes.
The accuracy of eye position signals as examined by other
oculomotor experiments is thought to be rather good: monkeys can perform accurate saccades to briefly flashed visual
targets despite intervening perturbations of the eyes (Mays
and Sparks 1980; Sparks and Mays 1983; Sparks et al.
1987). Although the existence of accurate eye position information in other oculomotor tasks does not necessarily mean
that accurate signals are employed in this particular task, the
computation of the coordinate transformation itself remains
as the most likely source of the effects, and could also account for the effects on pointing movements as well.
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OF TARGET
SIZE.
The variance in the endpoints of
saccades is undoubtedly related to the physical size of the
target. Because of their proximity, the targets in our experiments subtended wider visual angles than targets used in
other oculomotor studies. The somatosensory
stimuli, the
vibrating posts, were - 16% wider than the visual stimuli
for the monkeys. If one makes the simplistic assumption
that the range of saccade endpoints should be 16% broader,
then the ratio of the variances should be 1.35: 1 ( 1.35 is
1. 162). A similar calculation for the human subjects predicts
variance ratios of 1.23: 1 (subject JMG) and 1.49: 1 (subject
DLS). In fact, the ratio of the variances of somatosensory
and visual saccades was =-2:l for all subjects. Thus the
somatosensory
saccade endpoints were scattered over a
larger range than can be accounted for by the size of the
target itself.
The additional scatter could be due to specification of a
saccade goal larger than the actual target. For example, subjects (especially monkeys) might have used the whole hand
and even the arm as the goal of the saccade, and thus any
saccade terminating in the direction of the hand and/or arm
was judged to be on target. The monkeys used their hands
to grasp the posts, whereas the humans merely touched the
posts with their fingertips, so the body surface area in contact
with the target was larger for the monkeys than the humans.
However, although the target was larger in body surface
coordinates for the monkeys, because the hand curved
around the post, the visual angle subtended by the body
surface that was in contact with the target was about the
same, and the greater number of cutaneous receptors involved could actually serve to improve saccade accuracy.
A related alternative is that the monkeys may have been
attempting to look to the perceived ’ ‘source’ ’ of the vibration
rather than the stimulated body part. In the natural world,
when we feel a tactile stimulus such as a person tapping us
on the shoulder, we look to the expected location of the
tapper rather than to the shoulder itself. If the monkeys
imagined the source of the vibration to be some large object
of which they were only touching small part, this could
contribute to both systematic and variable errors in somatosensory saccades.
EFFECTS

SUBJECT
STRATEGY.
The preceding sections illustrate that
body surface localization, body position sense, eye position
signals, and target size must all influence saccade accuracy,
and that species differences in the contributions
of these
factors are likely to be Ihe source of the accuracy differences
between humans and monkeys. The somewhat lower accuracy of the monkeys is unlikely to be due to an artifact of the
training method or the size of the reinforcement windows,
because similar training methods and window
sizes have
resulted in good accuracy for auditory saccades (Jay and
Sparks 1987a, 1990) and for saccades to upward target locations in remembered saccade tasks (White et al. 1994).
However, differences in subject strategy may have contributed to species differences. Although it is impossible to know
what the monkeys were actually attempting to do, it is worth
speculating on what some of the alternatives might be.
Because the monkeys almost never made side errors
(looking to the wrong hand), it is certain that they used the
somatosensory stimulus to perform the task. However, it is
possible that instead of actually trying to look in the direction
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of the perceived site of the tactile stimulus (which may have
been either the post itself or the whole hand), the monkeys
may have been looking at some general location in space
that they knew was associated with a reward when they felt
vibration in a particular hand. Such a strategy would be
likely to involve use of visual information as landmarks to
remember the spatial location associated with the reward.
However, we found that the variance of the monkeys’ somatosensory saccade endpoints was unchanged in the dark
for two of three animals, suggesting that they do not use
visual information of the surrounding scene to improve their
performance in the task. Specific visual information regarding the position of the hands did cause the monkeys to become more accurate, however. We think the improvement
in saccade accuracv when the hands were visible demonstrates that the monkeys intended to look toward the perceived site of the somatosensory stimulus. The failure of the
monkeys to be 100% accurate under these conditions can be
explained adequately by the effects of initial eye position
and the fact that in our task the monkeys were effectively
discouraged from making corrective saccades to eliminate
any residual error.
Sensorimotor

integration

Given that somatosensory
and visual saccades are both
produced by a common motor circuitry including at a minimum a common set of motoneurons and eye muscles, differences between these saccades reveal features of the interface
between sensory and motor processing and the nature of the
neural command for the saccade itself. In addition to affecting saccade accuracy as discussed above, target modality
also influenced two other characteristics
of saccades: reaction time and velocity.
REACTION
TIME.
In this study, we found that somatosensory
saccades had longer reaction times than did visual saccades.
Sensory factors such as the time required for stimulus detection and coordinate transformation are likely to play a major
role in producing such modality-specific
differences in saccade reaction time. In addition, delays occurring in the motor
pathway common to both sensory systems and delays for
processes such as making the decision to generate a saccade
may also influence reaction time. In examining saccade reaction time we attempted to tease apart potential sensory factors from these other factors.
Several lines of evidence suggest that factors occurring
in the separate sensory pathways influence these reaction
time differences. First, the reaction time of visual saccades
depended on stimulus intensity, and could be increased into
the same range as that of somatosensory saccades. Second,
reaction time differences decreased in the delayed saccade
task. Third, as is also the case for saccades to auditory targets
(Jay and Sparks 1990; see also Zahn et al. 1978; Zambarbieri
et al. 1982), the reaction time of somatosensory
saccades
exhibited a different relationship to saccade amplitude than
occurs for visual saccades.
The residual differences in reaction time that remained in
the delayed saccade task cannot be due to purely sensory
processing delays, because the delay period was longer than
the reaction times of somatosensory
saccades in the simple
task. One possibility that could account for these residual
differences is that the time needed for the decision to initiate
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the saccade depends on the modality of the target. That
decision processes in general might require a substantial
amount of time is supported by the fact that reaction times
were not shorter overall in this trial type than in the simple
trial type, either in this study or in a previous comparison
between delayed and simple saccade reaction times (Rohrer
and Sparks 1993 ) . An additional possibility is that even after
different sensory signals have converged onto a common
motor pathway, qualitative differences in the activity profile
within the pathway could produce different reaction times.
For example, if fewer cells are active for somatosensory
saccades or if the firing rates are lower, longer reaction times
could result.
The differences in peak saccadic velocity demonstrate that differences as a function of target modality do
exist in the motor command itself. Lower peak velocities
have also been found for auditory (Jay and Sparks 1990;
Zahn et al. 1978; Zambarbieri et al. 1982) and remembered
visual (Becker and Fuchs 1969; Smit et al. 1987; White et
al. 1994) saccades. Saccades of lower velocities can also
be produced through low-frequency
collicular stimulation,
injection of pharmacological agents into the SC, and collicular lesions (Hikosaka
and Wurtz 1985; Lee et al. 1987;
Munoz et al. 1991; Schiller et al. 1980; Stanford et al. 1993).
These velocity differences suggest that the saccade command signals computed by the separate sensory pathways
specify not only the target of the saccade, but also contain
features that influence velocity. However, existing models
of the saccade generator postulate only a single input specifying the desired goal of the saccade, usually with a second
trigger input to initiate the saccade (Becker and Jurgens
1979; Robinson 1975; Scudder 1988; Tweed and Vilis
1985 ) . The main sequence ( amplitude-velocity-duration
relationship) characteristic of saccades to visual targets then
emerges from intrinsic properties of the oculomotor plant
and cell types such as the medium lead burst cells in the
pulse generator (Robinson 1975). This class of model cannot generate different peak velocity-amplitude
relationships, unless the input signal specifying the saccade goal
has a different time course for somatosensory than for visual
saccades or, as in the Scudder model, the movement initiation or trigger signal influences velocity. An additional separate input to the saccade generator dedicated for the control
of velocity independently of amplitude is also possible
(Dominey and Arbib 1992).
These are but a few possibilities; a wide variety of mechanisms could undoubtedly account for the velocity differences, and the mechanisms may act in concert with each
other. Eye velocity and reaction time may be related, although they are certainly dissociable to a large extent. Models of the saccade generator must simultaneously meet the
constraint of the main sequence while also being capable of
producing the variations in its form.
VELOCITY

Conclusions
The occurrence of saccades directed to somatosensory targets without visual feedback suggests the existence of signals
representing the position of the somatosensory
stimulus in
oculomotor coordinates. A coordinate transformation involving signals of target position in the initial somatotopic frame
of reference and signals of the positions of the intervening
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joints as well as the eyes is necessary to produce these target
position signals. Saccades to somatosensory targets, like saccades to auditory and remembered visual targets, were less
accurate than saccades to continuously present visual targets.
The fact that initial eye position influenced saccade accuracy
in monkeys suggests that the transformation
of coordinates
may be imperfect.
We hypothesized that somatosensory saccades should differ from visual saccades in features related to sensory processes unique to each modality but that they should be identical in features determined by activity patterns in the final
common motor pathway. The accuracy and reaction time
differences can largely be attributed to sensory processes.
However, our finding that reaction time differences remained
in the delayed saccade trial type suggests that delays for
decision and motor processes are not uniform for visual and
somatosensory
saccades. The modality-dependent
differences in saccade velocity demonstrate that the saccade motor
command itself differs depending on the modality of the
target, be it somatosensory, auditory, or visual. These differences highlight the need for models of the saccade generator
that can produce nonvisual saccades that deviate from the
main sequence of visual saccades.
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