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Physiological and behavioral data reported here show
an involvement of the primate frontal eye field (FEF)
cortex in smooth-pursuit eye movements, in addition to
its well-established role in saccadic eye movements.
Microstimulation just ventral to the small saccade rep-
resentation of the FEF elicits eye movements that, in
contrast to elicited saccades, have low velocities, con-
tinue smoothly without interruption during prolonged
stimulation, and are usually directed ipsilaterally to the
stimulated hemisphere. Neurons in this region respond
in association with smooth-pursuit eye movements and
visual motion. Tracking deficits following experimental
lesions of the FEF depend critically upon the status of
this ventral region: superficial lesions sparing it leave
smooth-pursuit eye movements intact, whereas lesions
removing it produce substantial deficits in the antici-
patory initiation, motion-induced acceleration, asymp-
totic velocity, and predictive continuation of ipsilateral
smooth pursuit.

Many behavioral and physiological studies have pro-
vided information regarding the role of the primate's
frontal eye field (FEF) in the execution of saccades,
those eye movements that rapidly place the fovea on
an object of interest. Here, we report behavioral and
physiological evidence of FEF involvement in smooth-
pursuit eye movements, those eye movements that
help maintain foveation of moving objects by match-
ing eye velocity to target velocity. Our experimental
lesion, microstimulation, and single-neuron record-
ing studies all indicate that a ventrally located region
of the FEF helps initiate and control smooth pursuit.
This characterization of a region in the frontal cortex
representing smooth-pursuit eye movements is con-
sistent with the cortical circuitry for smooth pursuit
recently postulated by Tusa and Ungerleider (1988)
and sheds light on smooth-pursuit disturbances in
clinical cases with frontal lobe damage (Morrow and
Sharpe, 1990) and hemispherectomies (Sharpe et al.,
1979; Thurston et al., 1988). It also provides a bridge
between the poor smooth pursuit of schizophrenics
(for review, see Holzman, 1985) and theories of fron-
tal lobe involvement in schizophrenia (Alzheimer,
1913; Ingvar, 1980; Buchsbaum et al., 1984; Levin,
1984; Weinberger et al., 1986; Goldman-Rakic, 1987;
for review, see Goldman-Rakic, 1991).

Brief reports of parts of these data have been pre-
sented elsewhere (MacAvoy et al., 1988; Gottlieb et
al., 1989; MacAvoy and Bruce, 1989; Bruce, 1990).

Materials and Methods
Monkeys were prepared by aseptic surgical proce-
dures under sodium pentobarbital anesthesia follow-
ing guidelines established by the NIH and the Animal
Care and Use Committee at Yale University. All mon-
keys received a search coil under the conjunctiva of
one eye for monitoring eye movements. Dental acrylic
was used to bond skull screws to an electrical con-
nector for the search coil and to a stainless-steel re-
ceptacle that enabled the monkey's head to be se-
cured during the experiments. Prophylactic antibiotics
(cefazolin sodium, 50 mg/kg, i.m.) were given pre-
operatively and were continued postoperatively for 1
week. During this postoperative recovery period, the
monkeys were also given extra fruit and analgesics
(pentazocine lactate, 5 mg/kg, i.m., and oral Tylenol)
as indicated.

To start each experimental session, the monkeys
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left their home cage, controlled by a cane temporarily
hooked to their plastic collar (Primate Products, Inc.),
and climbed into a primate chair equipped with a
yoke to receive and secure the collar. During periods
of experimentation, the monkeys lacked access to wa-
ter in their home cage; instead, they obtained liquid
to satiety each day while in the primate chair by per-
forming oculomotor tasks wherein each correct trial
was rewarded by a 0.1-ml drop of dilute fruit drink.
When they ceased to initiate trials, usually after 2-4
hr, they were returned to the home cage and given
monkey chow and fruit. Weight and daily intake of
liquid were charted throughout the experiments.

A PDP-11 computer was programmed to present
the visual targets, reward correct oculomotor behav-
ior, gate microstimulation trains, and store eye move-
ment signals and unit activity. Visual targets consisted
of small (—0.5°) spots of light presented on a rear-
projection screen 57 cm in front of the monkey.

Lesions
The effects of sequential unilateral FEF lesions upon
smooth-pursuit eye movements have thus far been
studied in two rhesus monkeys (Macaca mulatto)
and one cynomolgus monkey (Macaca fascicularis).
After receiving a search coil and head bolt (see above),
they were trained for several months on an array of
smooth-pursuit and saccadic tasks. When this training
was complete and control data had been obtained,
the arcuate sulcus in one hemisphere was ablated by
subpial aspiration in another aseptic surgical proce-
dure, targeting the FEF as previously mapped on the
basis of elicited saccades (Bruce et al., 1985). The
FEF in the opposite hemisphere was subsequently
ablated in the two rhesus monkeys, with several
months of testing following each lesion in order to
evaluate long-term recovery from any deficits that were
observed.

Microstimulation and Single-Unit Recording
Thus far, the FEF regions of three additional rhesus
monkeys (Macaca mulatto) have been examined with
microstimulation and single-neuron recordings. Re-
cording cylinders implanted over 2-cm craniotomies
allowed glass-coated Elgiloy microelectrodes (tip ex-
posures, 10-50 nm; impedances, 0.5-2.0 Mfl at 1 kHz)
to be introduced through the dura. Microstimulation
(biphasic pulse pairs of 0.2-msec duration per pulse
with 10-100 iih at 300 Hz for 75-500 msec duration)
was tested, usually while the monkey was fixating a
small stationary spot of light on the tangent screen.
Single-neuron activity was recorded during an as-

sortment of smooth-pursuit and saccadic tasks, as well
as control tasks presenting moving and stationary vi-
sual probes during fixation of a stationary target.

Results

Lesion Experiments
For the FEF lesion experiments, our principal finding
is that cortex in the depths of the anterior bank of the
arcuate sulcus, including the fundus, is critical for
smooth-pursuit eye movements. When this region was
ablated, there were striking deficits in ipsilateral pur-
suit, but when the lesion spared this region, smooth
pursuit appeared normal. Figure 1 illustrates the le-
sion and eye-tracking records for one monkey (rhesus
420) who received a right FEF lesion followed 6
months later by a left FEF lesion. The extent of both
lesions is shown in parts 1 and 4 of the figure; note
how the right and left FEF lesions differ in that the
fundus and deeper portions of the anterior bank were
not removed in the right hemisphere, but were re-
moved in the left. The monkey continued to track
rapidly and smoothly in both the rightward and left-
ward directions after the right FEF lesion, in which
the arcuate fundus was spared. However, after the
subsequent ablation of the left FEF, in which the
depth of the entire anterior bank of the arcuate sulcus
including the arcuate fundus was removed, the left-
ward component of both linear and sinusoidal smooth
pursuit was severely disrupted, and consequently, the
monkey used many saccades, in addition to low-ve-
locity smooth pursuit, to track moving stimuli. Left-
ward smooth-pursuit gain (gain = the ratio of eye
velocity to target velocity) was drastically reduced for
all frequencies (0.25-2.5 Hz) and velocities (25-100°/
sec) tested. Representative tracking of linear (50°/
sec) and sinusoidal (1.0 Hz) motion before and after
the left FEF lesion is shown in Figure 1. This defi-
ciency in the ability to achieve normal smooth veloc-
ities was accompanied by a substantial reduction in
leftward pursuit acceleration in response to the initial
target motion. Testing with step-ramp motion (the
target steps laterally into one visual field, e.g., 10°,
and then travels smoothly, e.g., 50%ec), which is not
shown here, demonstrated that the monkey's pursuit
was deficient in response to leftward motion in both
the left and right visual fields.

The pattern of tracking deficits for all three mon-
keys indicates that the status of the arcuate fundus
following a lesion determines whether tracking def-
icits will occur, and that neither the order in which
the lesions were made nor the laterality of the lesion

Figure 1 . Effects of sequential FEF lesions on smootrhpursuit eye movements of monkey 420. Top. Oorsolateral views of the right (/) and left |4) frontal lobes paired whh
cross sections of the arcuate sulcus taken at the locations indicated by the horimntal bars and reconstructed onto a similarly located section from a normal brain. The extent of
each lesion is indicated in black. Notice that the Hist lesion (right hemisphere) spared the arcuate fundus \A-C] whereas the second lesion (left hemisphere) removed the fundus
[D-F\. Below. The left-hand set of records shows that smooth-pursuit tracking of linear [2) and sinusoidal (J) motion was still very good in both directions (smooth-pursuit gain,
0.87 for 50°/sec trading to both the left and the right) following the right hemisphere lesion, which spared the arcuate fundus. Following the subsequent lesion of the left
hemisphere, which included the depths of the arcuate sulcus, leftward smooih-pursun velocity was substantially reduced (smooth-pursuit gain. 0.39 for 50°/sec tracking to the left
in 2\, and leftward tracking was largely saccadic (5, fi). whereas rightward tracking was unaffected (smoothfursuh gain, 0.84 for 50°/sec tracking to the right in 5). Notice also
that leftward anticipatory pursuit |5, right side) and leftward predictive sinusoidal pursuit [6, end of track) were both absent following the second lesion.
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LEFT HEMISPHERE
FEF MICROSTIMULATION

(rhesus #825) RIGHT HEMISPHERE

elicited eye
movements

<— saccadic
<•— smooth

Contralateral (rightward) saccadic eye movements elicited from
anterior hank of arcuate sulcus in left hemisphere (Pass 34 a-d)

Conlralaleral (leftward) saccadic eye movements elicited from
anterior bank of arcuate sulcus in right hemisphere (Pass 15 a-d)

H . .

V" • b:
75ms8>50 liA 75 ms &50 pA

V

75ms050|iA 75rae>50||A 75 ms©50|iA

Ipsilateral (leftward) smooth eye movements elicited from
fundus of arcuate sulcus in left hemisphere (Pass 34 E)

250 ms © 40 uA 250 ms (g> 40 uA

Ipsilateral (rightward) smooth eye movements elicited from
fundus of arcuate sulcus in right hemisphere (Passl 5 E)

250 ms e> *° M* 250 ms G> «0 pA 250 ms $ 40 |lA

Figure 2 . Smooth eye movemems electrically elicited from the FEF of monkey 825. Top, Dorse-lateral views of the left and right hemisphere showing the entry points of
electrode penetrations that yielded elicited smooth eye movemems. The small white arrows on the right hemisphere indicate additional locations where smooth eye movements
were eliched in this hemisphere. Middle. Cross sections of the arcuate sulcus showing reconstructions of electrode penetrations down the anterior bank ol the arcuate sulcus; sites
that yielded saccadic and smooth eye movemems are indicated. Notice that in both hemispheres comralaterally directed saccadic eye movemems were elicited first, whereas
ipsilaterally directed smooth eye movemems were elicited near or in the arcuate fundus. Bottom. Representative eye movemems at four saccadic sites |a-d) and three examples
from a smooth-movemem site are stnwn for both hemispheres. In all cases, the electrical stimulation was applied while the monkey was anemively fixating a small stationary spot
of light, and usually the monkey made a voluntary saccade back towards that spot after the electrical stimulation ceased.

was critical. In contrast to the monkey illustrated in
Figure 1, the first lesion for monkey 380 (rhesus)
removed the arcuate fundus of the right hemisphere
and severely disrupted rightward smooth pursuit,

whereas the subsequent lesion of the left FEF did not
extend into the fundus, and there was no further dis-
ruption of smooth pursuit. For the third monkey (664,
cynomolgus), the initial lesion targeted the left FEF,

98 Smooth Pursuit in Frontal Cortex • MacAvoy et al.
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included the fundus of the arcuate sulcus, and se-
verely disrupted leftward pursuit. Thus, FEF lesions
that included the fundus disrupted ipsilateral smooth
pursuit, regardless of side or order.

When humans track repetitive visual motions, they
readily anticipate the stimulus movements and, after
only a few trials, begin pursuit before the stimulus
begins to move (Steinman, 1986). Using paradigms
in which our monkeys reliably make such anticipatory
responses, we found that anticipatory ipsilateral
smooth pursuit was largely abolished after FEF le-
sions in which the fundus was ablated. For example,
monkeys will often begin to track before the move-
ment if the target is initially placed 25° into the pe-
riphery such that the subsequent tracking will be pre-
dictably centripetal. Such anticipatory eye movement
can be seen in the linear tracking records of Figure
1 as an elevation in smooth eye velocity that occurs
before the stimulus moves. After the left arcuate fun-
dus ablation, the monkey still anticipated contralat-
eral tracking; however, ipsilateral anticipation was
completely abolished (Fig. 1, part 5). Confirming an
earlier report (Keating et al., 1985), predictive con-
tinuation of sinusoidal tracking following target ex-
tinction was also affected. Specifically, as shown in
Figure 1, this predictive continuation survived if the
fundus was spared (part 3), but was absent for the
ipsilateral direction when the fundus was removed
(part 6).

Although substantial recovery in the gain of smooth-
pursuit velocity occurred over several months, for both
linear and sinusoidal tracking, the deficits in antici-
patory initiation of pursuit prior to target motion, pur-
suit acceleration in response to target motion, and
predictive continuation of sinusoidal pursuit follow-
ing target extinction all remained significant. The na-
ture of these enduring deficits suggests that the FEF
is more important for cognitive aspects of smooth-
pursuit eye movements than for simple visually guid-
ed smooth pursuit. Interestingly, several recent re-
ports indicate that the FEF has a similarly important
role for the guidance of saccadic eye movements in
the absence of visual targets (Bruce and Goldberg,
1985; Bruce and Borden, 1986; Deng et al., 1986;
Sharpe, 1986). We should note that saccadic tracking
of visual targets by our monkeys was good in the linear
and sinusoidal tasks as well as in the step-ramp task,
despite lesions that destroyed most or all of the sac-
cade-related part of the FEF. This is consistent with
the conclusion of Schiller et al. (1979) that an intact
superior colliculus suflBces for saccadic tracking of
visual targets.

Microstimulation Experiments
In each of the six hemispheres physiologically tested,
we were able to locate a region where the electrically
elicited eye movements were not saccadic, but in-
stead smooth, continuous eye movements were elic-
ited at currents as low as 10-50 iiK. Figure 2 illustrates
this finding in both hemispheres of one monkey,
showing reconstructions of passes down the anterior
bank of the arcuate sulcus and the eye movements

that were elicited. Notice that as the electrode entered
the fundal region of the arcuate sulcus, the elicited
saccades gave way to smooth eye movements. The
smooth-movement zone of the FEF appears to be sep-
arate from the saccadic region. In most penetrations,
saccades were elicited superficially, smooth move-
ments were found a short distance below very small
saccades, and though we seldom continued to elicit
smooth movements for more than a few millimeters
of further electrode penetration, we never encoun-
tered saccades again after smooth movements. Oc-
casionally, small saccades were elicited in conjunc-
tion with smooth movements; however, this only
occurred with the use of currents above 50 jtA.

These elicited smooth eye movements are readily
distinguishable from elicited saccadic eye move-
ments in several respects. First, the prolonged con-
tinuous smooth movements usually continued for the
entire duration of stimulation (typically 250-500
msec), in striking contrast to the staircases of multiple
saccades obtained in most of the FEF with long stim-
ulation trains. Second, smooth velocity generally in-
creased as a function of current, whereas elicited sac-
cades are an all-or-none phenomenon, with saccade
size and velocity being fairly insensitive to variations
in stimulus current. Finally, smooth velocities seldom
exceeded 25°/sec when stimulation occurred during
fixation (the paradigm that we typically used), where-
as elicited saccades can obtain velocities up to 800-
1000%ec (Robinson and Fuchs, 1969; Goldberg et
al., 1986). Interestingly, higher smooth velocities can
be obtained if the fixation target is stabilized on the
fovea and thus allowed to move with the eyes during
the stimulation. We reason that, in the standard par-
adigm, the electrically elicited eye movement causes
the stationary fixation target's image on the retina to
move, and that this retinal slip gives rise to a smooth-
pursuit signal of the opposite sign that partially can-
cels the electrically elicited movement. If the target
is stabilized on the retina, however, there is no retinal
slip to oppose the smooth-pursuit signal generated
by microstimulation, and the eye can reach substan-
tially higher velocities.

Similar to electrically elicited saccades in the FEF,
each smooth-movement site had a characteristic di-
rection, and a variety of vertical, horizontal, and
oblique smooth-movement sites were found. How-
ever, in contrast to the overwhelmingly contralateral
nature of saccades obtained elsewhere in the FEF
(Robinson and Fuchs, 1969; Bruce et al., 1985), the
elicited smooth eye movements were usually directed
ipsilateral to the stimulated hemisphere. Of 62 sites
thus far quantified, the elicited eye movements were
ipsilateral at 39 sites, contralateral at 11 sites, and
within ±15° of vertical at the remaining 12 sites.

Single-Unit Recording Experiments
We think that these slow, smooth movements are elec-
trically elicited smooth pursuit, rather than other types
of slow eye movements or artifacts, because the neu-
rons recorded at sites where smooth movements were
subsequently elicited typically responded best in as-
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Stimulus motion only control
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Saccade only control
Motion Stan
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tics @ 200 ms

tics@ 100 ms Saccade Start

H g t m 3 . Activity of a single neuron located in the smomh-puran zone of the left hemisphere's FEF that responded tonkaBy in conjunction whh smooth pursuit directed to
the left and dowa Top. A nep-rsmp experiment whh nine different steps whh the same ramp (15°/sec direction, 210° polar) is deputed on the left, whh the dished lines
representing the step movements and the solid / ne t whh arottotdi leoi earning the subsequent ramp movements. The ceQ responded prior to the initial saccade and ntiation
of pursuit for all steps tasted and continued to respond tonkaOy white the monkey tracked the ramp. The ep traces (middte) show this cell's aahmy (tics below the velocity trace)
for one representative trial, and the histogram (right) sums the cell's activity over all 56 correctly performed triab of this experiment, whh the raster lines above the histogram
showing the last 25 correct trials. Middle, This same eel responded much less in a visual probe task employing the same visual stanulttjon. The traces show a representative
trial, and the hiswgram sums a l 25 trials correctly performed, afl of which are in the raster. On many other trials not included in this histogram, the monkey broke fixation and
made a saccade to the moving stimuli; on such trials, the unh's response was much larger. Bottom. This same cell had no aahmy in conjunction with saccsdes to a stationary
target The eye traces show a representative eample. and the histogram and raster represent a l 21 correct trials. After recording from this ceO was completed, smooth movements
directed down and left ( ~ 2 0 5 ° ) were obtamed by miorostimutation at the same electrode she (threshold of - 5 0 M A not shown).

sociation with smooth-pursuit eye movements and
with smooth visual stimulus motion. Moreover, the
optimal direction for the responses of neurons at a
given site usually matched the direction of the smooth
movements elicited at that site. Responses in con-
junction with stationary visual stimuli and saccadic
eye movements were weak or absent. Figure 3 illus-
trates a neuron recorded at an FEF site in the left
hemisphere that subsequently yielded smooth move-
ments directed down and left with a threshold of ~50
M- After determining that this neuron responded best
in conjunction with a particular (~210° polar) direc-
tion of pursuit, a step-ramp experiment was arranged
such that the steps covered all quadrants of the visual
field and the ramps were all in the neuron's preferred
direction. The cell responded prior to the initial sac-
cade and initiation of smooth pursuit for all nine steps
tested (Fig. 3, top) and continued to respond tonically
while the monkey tracked the ramp. The cell respond-
ed, though much less, in a visual probe task employ-

ing exactly the same visual stimulation (Fig. 3, mid-
dle). It did not respond at all in conjunction with
saccades to stationary targets at the same locations
(Fig. 3, bottom), or to targets with ramps in the op-
posite direction (not shown). Such a large, bilateral
response field indicates considerable convergence
relative to motion processing in areas MT and MST
(e.g., Komatsu and Wurtz, 1988).

Many of the neurons at elicited smooth-pursuit sites
also showed activity that could be interpreted as an-
ticipatory or predictive of target motion and pursuit.
For example, during ongoing sinusoidal tracking, their
activity began before the stimulus (or the eye) re-
versed to the neuron's preferred direction, and a strong
response still occurred when the sinusoidally moving
target was extinguished immediately before such a
reversal. Analogous to the responses of cells in the
larger, saccadic zone of the FEF (Bruce and Goldberg,
1985), cells in the smooth-pursuit part of the FEF
combined their visual, movement, and anticipatory

1M Smooth Pursuit In Frontal Cortex • MacAvoy et al.
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activities in different proportions, and some cells also
had gaze-dependent activity combined with their pur-
suit-related activities.

Discussion
These lesion, electrical-stimulation, and neuronal-re-
cording data all indicate that a ventral FEF region is
involved in the initiation and control of smooth-pur-
suit eye movements. The fact that this region is small
in comparison to the saccade region of the FEF and
is largely buried in the fundal pan of the arcuate
sulcus may explain why previous physiological stud-
ies of FEF have focused on saccadic eye movements
(but see Blum et al., 1982; Bruce et al., 1985). Its
deep location may also have provided smooth pursuit
some immunity from experimental lesions and thus
helps explain why some previous studies have re-
ported smooth-pursuit deficits from FEF lesions (e.g.,
Keating et al., 1985; Lynch, 1987) whereas others have
not (e.g., Schiller and Logothetis, 1987).

Recent anatomical studies (Huerta et al., 1987;
Leichnetz, 1989; Boussaoud et al., 1990) have found
that the FEF is connected with several cortical areas
associated with visual motion or tracking, including
areas MT and MST in the posterior superior temporal
sulcus and also parts of the inferior parietal lobule.
Moreover, projections from the FEF to the dorsolat-
eral pontine nuclei (Leichnetz, 1989) and to the RTP
nucleus (Stanton et al., 1988) provide a direct route
whereby the FEF can engage the brainstem and cer-
ebellar mechanisms of smooth pursuit (for reviews,
see Eckmiller, 1987; Lisberger et al., 1987; Tusa and
Ungerleider, 1988). The data presented here indicate
that the smooth-pursuit representation in the FEF uses
these pathways to help provide the powerful cogni-
tive influences, such as anticipation and prediction,
on smooth-pursuit eye movements. Further studies of
this system may also help in understanding the more
general frontal lobe mechanisms that are crucial for
predicting more complex situations and planning
more complex behaviors (Stuss and Benson, 1986).
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