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The frontal eye field (FEF) is involved in the transformation of
visual signals into saccadic eye movements. Although it is often
considered an oculomotor structure, several lines of evidence
suggest that the FEF also contributes to visual perception and
attention. To better understand the range of behaviors to which
the FEF can contribute, we tested whether monkeys could detect
activation of their FEF by electrical microstimulation with currents
below those that cause eye movements. We found that stimulation
of FEF neurons could almost always be detected at levels below
those needed to generate saccades and that the electrical current
needed for detection was highly correlated with that needed to
generate a saccade. This relationship between detection and sac-
cade thresholds can be explained if FEF neurons represent prepa-
ration to make particular saccades and subjects can be aware of
such preparations without acting on them when the representa-
tion is not strong.

The primate frontal eye field (FEF) plays a well established role
in the generation of saccades. Single-unit recordings have

shown that many neurons in the FEF are active around the time of
saccades of specific magnitude and direction and that a topographic
representation of saccade vectors exists across the FEF (1). Elec-
trical microstimulation of sites in the FEF can produce saccades of
a particular vector (2). Ablating the FEF causes pronounced deficits
in generating eye movements to visual targets (3). In humans,
functional MRI studies have shown activity in the FEF is correlated
with visually guided saccade generation (4), and transcranial mag-
netic stimulation (TMS) of the FEF has been shown to disrupt
saccade generation (5, 6).

Although the FEF is important in oculomotor control, several
lines of evidence suggest that it plays a role that goes beyond the
initiation and control of eye movements (7). The FEF receives
visual inputs from the thalamus and shows extensive reciprocal
connectivity with visual cortical areas (1). Single-unit recordings
have shown that a substantial fraction of FEF neurons have little or
no perisaccadic activity and instead have strong, short-latency visual
responses (2). These visually driven neurons can respond selectivity
to different stimulus dimensions (8, 9) and distinguish the behav-
ioral relevance of stimuli in an array (10). The activity of these
neurons, unlike FEF neurons with perisaccadic activity, is strongly
correlated with stimulus onset and only weakly correlated with the
timing of saccadic responses (11). Additionally, experiments using
electrical microstimulation and TMS of the FEF have shown that
FEF activation can produce effects that appear similar to spatial
attention (7, 12–15).

To further explore the range of behaviors to which FEF activity
can contribute, we have examined whether subjects can detect the
activity of FEF neurons at levels that are too low to produce eye
movements. Studies using electrical microstimulation of local sites
in different areas of visual cortex (16) and somatosensory cortex
(17) of non-human primates have shown that activation of neurons
with relatively low currents is readily detected. Whether neuronal
activity in the FEF can be reported has not been answered. Because
the FEF plays a major role in oculomotor control, the activity of its
neurons, unlike those in sensory regions, might not be reportable

by the subject except indirectly through the detection of eye
movements.

We used the responses of trained, behaving rhesus monkeys to
measure whether low-current microstimulation of the FEF could be
detected. At a given site we compared thresholds for detecting
microstimulation directly with the current levels needed to generate
a saccade. We found that electric stimulation of the FEF was
detected at every site tested, and virtually always at currents lower
than those needed to produce an eye movement. Across all sites, the
current needed for detection was highly correlated with the current
needed to produce an eye movement. These results provide insight
into the range of behaviors to which the FEF may contribute.

Results
Detection Thresholds. Thresholds for detecting electrical micro-
stimulation of the FEF were determined by using a two-alternative
forced-choice (2AFC) task. Two rhesus monkeys were trained to
fixate a spot on a gray background on a video display while two
intervals marked by tones were presented (Fig. 1A). During train-
ing, a small, low-contrast, peripheral visual stimulus was displayed
during one of the two intervals. Which interval contained the
stimulus was determined randomly on each trial. Shortly after the
second interval, two response targets appeared 5° above and below
the fixation spot, and the animal had to indicate which interval
contained the stimulus by making a saccade directly to one of the
two targets. The animals reported only whether the stimulus was
detected. They did not report on its location or other qualities.

During data collection, in place of a visual stimulus, trains of
constant-current electrical pulses were delivered to a site in the FEF
through a microelectrode. The current amplitude was varied from
trial to trial to produce psychometric detection functions. Each FEF
site was tested with 50 repetitions of 6–10 currents spanning
detection threshold. Behavioral responses for each site were fit with
a sigmoid function (Materials and Methods), and detection threshold
was taken as the current where performance was 0.63 of the way
from 50% correct to the upper saturation on the performance curve
(typically �82% of the trials correct; see Materials and Methods, Eq.
1, and Fig. 1C).

Data were collected from sites in the anterior bank of the arcuate
sulcus where saccades could be reliably evoked during free viewing
by electrical stimulation with 200-Hz trains of 200 �s biphasic
current pulses delivered at 50 �A or less. Although electrical
stimulation could generate saccades at every site, the animal was
required to maintain fixation throughout each trial in the 2AFC
task. The animals were usually able to maintain fixation even with
currents that were well above detection threshold. On occasional
trials with high currents the electrical stimulation would drive a
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saccadic eye movement, causing the animal to break fixation (see
below). These trials were not included in the analyses of detection
threshold.

We obtained well formed detection functions at every FEF site
tested in both animals (n � 161: 50 from animal 1 and 111 from
animal 2). The distributions of detection thresholds for different
sites are plotted in Fig. 2A. The median thresholds for the two
animals were 13.4 and 14.6 �A. The difference is not statistically
significant (P � 0.13 by Kolmogorov–Smirnov test). The lowest
detection threshold found at any sites was 6.1 �A, and the highest
two thresholds were 47.6 and 32.8 �A. The FEF thresholds showed
relatively little variance. The interquartile ranges for the two
animals were 6.9 and 9.3 �A, and the coefficients of variation for
the detection threshold plots in Fig. 2A are 0.13 and 0.16. This low
variance depended in part on using a force-choice design, which
effectively eliminates variance from drift in the subject’s criterion,
and in part from our inclusion of many trials in each threshold
measurement (typically 400), such that the 95% confidence inter-
vals on detection thresholds averaged only �0.12 times threshold.
The median detection thresholds for the FEF are slightly higher
than those for detection of electrical stimulation of the visual cortex,
whereas the coefficients of variation are slightly lower (16) (see
Discussion).

The psychometric detection functions are characterized by a
slope as well as a threshold. The slope is related to the sensitivity
of the detection, with higher slopes corresponding to greater
sensitivity. The median slopes for the two animals were 5.0 and 4.7
(Fig. 2A), a difference that was not statistically significant (P �
0.67). The distributions of slope values are similar to those for
detection of electrical stimulation of areas in visual cortex (16).

Detection Thresholds Are Not Mediated by Eye Movements. The
electrical microstimulation that was used to measure detection
thresholds did not cause overt saccades. The animals were required
to hold their gaze within a 1–2° fixation window throughout the
stimulation intervals. It would nevertheless be remarkable if acti-
vation of an oculomotor structure caused absolutely no eye move-
ments. Because the animals might have detected electrically driven
eye movements within the fixation window, rather than neuronal

activity that produced no efferent response, we examined eye
movements during the stimulation periods.

We measured absolute eye speed because it provides a sensitive
measure of eye movement that is independent of potential differ-
ences in direction. Because eye position data for 16 sites from
animal 2 were lost, this analysis was restricted to 145 of the 161 FEF
sites. Fig. 3A shows the overall average absolute eye speeds re-
corded from both animals during stimulated and unstimulated trial
intervals. The traces for stimulated intervals have been binned
according to the magnitude of the stimulus current relative to the
threshold current for each site. Relative to the average eye speed
during unstimulated intervals (black line), there was a small but
significant increase in average eye speed for currents starting in a
range below behavioral threshold, with stronger currents causing
faster speeds. The speed for the strongest currents integrates to a
movement of �0.1° more than the unstimulated speed during the
stimulus period. Both animals showed this pattern individually
(data not shown). These small increases in eye speed raise the
possibility that the animals may have detected the electrical stim-
ulus only through the eye movements evoked. Three observations
suggest that this is not the case.

First, the animals achieved excellent performance at sites where
the stimulus did not produce even very small eye movements. Fig.
3B shows the average eye speeds recorded for 29 sites (20% of those
in Fig. 3A) that were selected for good eye stability throughout the
stimulus interval. The average speeds for these sites did not increase
shortly after stimulus onset. (There was a rise in eye speed at the
end of the stimulation interval for the highest currents, but this is
too late to be attributed to a direct effect of FEF stimulation.
Instead, this late increase in eye speed is likely to represent
preparation for making the response saccade for the detection
task.) The thresholds and slopes of the psychometric functions for
these sites were statistically indistinguishable from the rest of the
sample that contributed to Fig. 3A.

Second, when electrically driven eye movements did occur, they
were too unreliable to support the detection thresholds the animals
achieved. We computed how well an observer would do by assum-
ing that the stimulus occurred in the interval on each trial that
contained the greatest absolute eye speed. The detection thresholds
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Fig. 1. Methods for threshold assessment. (A) The animal performed a 2AFC detection task in which an electrical stimulus was delivered during one of two 250-ms
intervals that were marked by tones. After the end of the second interval two response targets appeared in fixed locations, and the animal made a direct saccade to
one to indicate which interval contained the electrical stimulus. (B) To determine saccadic thresholds, electrical microstimulation was delivered between trials of a
fixation task 100 ms after the animal made a spontaneous saccade. (C) At each site 6–10 current levels spanning behavioral threshold were tested 50 times each in a
random order. Behavioral data at each site were fit with a sigmoid function, and threshold (dashed lines) and slope were based on parameters of the fit. (D) Saccadic
thresholds were determined by stimulating with 6–10 current levels spanning saccadic threshold in a random order, and a sigmoid was fit to the saccade frequencies.
The detection and saccade data in C and D are from the same FEF site. Error bars show standard errors based on binomial statistics.
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using eye speed were almost invariably poorer than the animal’s
actual performance. For most of the sites (112/145, 77%), responses
based on eye speed did not reach threshold performance (�82%
correct) for any current tested. For the remaining 33 sites we fit
psychometric functions to the eye-speed-based performance, ex-
actly as was done with the animals’ reports. Fig. 3C shows that
eye-speed-based performance almost always would have been
poorer than that actually achieved by the animals. Thus, the subjects
could not have depended on eye movements in achieving their
behavioral thresholds.

Finally, eye movements were generally uncorrelated with the
animals’ responses. We calculated the phi-correlation between the
interval in each trial with the largest peak eye speed and the interval
the animal selected. The phi-correlation coefficient is a variant of
Pearson’s correlation coefficient that is suitable for binary variables
(18). For each site, we restricted the analysis to the trials for the
current closest to behavioral threshold. Fig. 3D plots the phi-
correlation coefficient for each site against the signal-to-noise ratio
of the eye speed (see Materials and Methods). Dark symbols mark
statistically significant correlations (�2 test, P � 0.05). For the
majority of sites the peak eye speed provided only a weak signal that
was not statistically correlated with the animal’s response. Only in
a handful of cases could the animal have been relying on eye
movements.

These observations strongly suggest that the animals did not
depend on the small, occasional, electrically evoked eye movements
to perform the detection task. FEF microstimulation can also
produce head movements at levels below those that produce
saccades (19). However, a recent study examining the neck EMG
response during FEF stimulation at levels too low to generate overt
saccades found that the distribution of EMG thresholds was sig-

nificantly higher than that of our detection thresholds.† Thus, we
believe that it is also unlikely that behavioral detection of FEF
microstimulation was based on this type of muscular activity.

Although the increases in eye speed produced by electrical
stimulation of the FEF were too unreliable to explain the behavioral
thresholds, they occurred in response to surprisingly low currents.
Fig. 3E shows the peak absolute eye speed as a function of the
current delivered. Each point is the peak absolute eye speed from
the average of 50 eye movement traces from trials using one current
level at one FEF site. For each set of 50 trials we also found the peak
absolute eye speed from the average of the unstimulated intervals.
The gray region marks the 99% confidence interval for peak eye
speeds from unstimulated trials. Evoked movements were evident
for currents as small as 10 �A. Eye movements evoked by such low
currents in animals that were highly motivated to suppress eye
movements raise questions about attempts to use electrical stimu-
lation that is below movement threshold (see Discussion).

Saccade Thresholds. We did not use the 2AFC task to measure
saccade thresholds because those thresholds are elevated when the
animals are electrically stimulated during fixation (20, 21). Instead,
we delivered electrical stimuli shortly after spontaneous saccades
were made during the free-viewing intertrial interval of a fixation
task (Fig. 1B). As with the detection measurements, we presented
50 trials each of 6–10 currents that spanned saccade threshold
(Fig. 1D).

We measured saccade thresholds at 102 of the FEF sites (50 for
animal 1 and 52 for animal 2). Because FEF sites were selected for
generating reliable saccades at currents of 50 �A or lower, each site
yielded a saccade threshold. The median thresholds for the two
animals were 19.0 and 23.6 �A, which was not a statistically
significant difference (P � 0.07 by Kolmogorov–Smirnov test).
These median saccade thresholds were 42% and 62% higher than
the corresponding median detection thresholds (Fig. 2B). The
distributions of the thresholds for detection and saccade differed
significantly for each animal (P � 0.001 and P � 6 � 10�6 by
Kolmogorov–Smirnov test), but the distributions of the slopes of the
detection and saccade functions differed only for animal 2 (P � 0.24
and P � 1.9 � 10�9 by Kolmogorov–Smirnov test).

Although the FEF contains different populations of neurons
with activity that has been described as visual or perisaccadic, we
found no evidence for segregation of neurons into those with lower
detection thresholds and those with lower saccade thresholds. To
the contrary, in both animals and at most FEF sites, less current was
needed to produce a detectable signal than was needed to produce
a saccade, and detection and saccade thresholds measured at
individual sites had a strong positive correlation. Fig. 4 shows the
correlation between detection and saccade thresholds across the
sites where both were measured (r � 0.72). Filled symbols indicate
sites where the two threshold measurements were significantly
different.

Discussion
We found that monkeys could detect electrical microstimulation at
every site tested in the FEF and that detection thresholds were
almost always lower than those needed to evoke saccades at the
same site. Detection thresholds did not have to be lower than
saccade thresholds. Saccade thresholds might have been the same
or lower than detection thresholds. For example, it might have been
the case that FEF activity was capable of driving a detection report
only when it was strong enough to drive a saccade. Were that the
case, we would have been unable to measure behavioral detection
thresholds with our experimental design, because our detection task
required that the animal not make saccades during delivery of

†Elsley J, Nagy B, Rezvani S, Corneil B, Thirty-Sixth Annual Meeting of the Society for
Neuroscience, October 14–18, 2006, Atlanta.
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Fig. 2. Distributions for thresholds and slopes for detection of electrical
microstimulation and saccade generation. (A) Median thresholds (dashed
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animals were 19.0 and 23.6 �A. Median slopes were 5.7 and 10.9 �A.

Murphey and Maunsell PNAS � May 20, 2008 � vol. 105 � no. 20 � 7317

N
EU

RO
SC

IE
N

CE



electrical stimulation. Alternatively, detection might have been
possible without making a saccade, but only at currents higher than
the saccade threshold. That is, when saccades were suppressed
during the 2AFC task, the animal might have detected only currents
that were much higher than those needed to produce a saccade

during the free-viewing periods in which saccade thresholds were
measured.

While detection thresholds were lower, the saccade threshold at
each site was strongly correlated with the detection threshold. A
positive correlation between these effects was not inevitable. If
there were local or regional differences in the effects of micro-
stimulation in the FEF, we could have found either no correlation
or a negative correlation. For example, single-unit recordings have
shown that the FEF contains both visual and perisaccadic neurons.
Visual neurons have activity that is closely linked to the onset of
visual stimuli (2, 8–10), whereas perisaccadic neurons have activity
that is restricted to the time immediately around the execution of
saccades (2, 22, 23). Some measurements suggest that these cell
types are discrete classes of neurons, rather than ends of a contin-
uum (11). If these neurons contributed differentially to detection
thresholds (visual neurons) and saccade thresholds (perisaccadic
neurons) but lacked functional architecture and varied randomly in
their density from site to site, we might have found wide variability
in thresholds and no correlation between the two thresholds. If
instead there was a functional architecture that systematically
segregated these two types of neurons, we might have found some
sites that were enriched with visual neurons, which had detection
thresholds lower than saccade thresholds, and other sites that were
enriched with perisaccadic neurons, which had saccade thresholds
lower than detection thresholds. This would have created an overall
negative correlation between the two types of thresholds. We found
no evidence for two classes of sites or for an overall negative
correlation. Instead, the thresholds had unimodal distributions and
a strong positive correlation.

The relationship between detection and saccade thresholds
might be explained in different ways. One possibility is that detec-
tion was mediated by visual neurons and that saccades were
mediated by perisaccadic neurons but that currents needed to
activate perisaccadic neurons were consistently higher. This might
occur if perisaccadic neurons had systematically different biophys-
ical properties that rendered them less susceptible to extracellular
currents or if there were fewer perisaccadic neurons so that a given
current always activated more visual neurons. In this case, lower
currents would always produce a phosphene (or perhaps some other
sensation) and higher currents would be needed to produce a
saccade.
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Alternatively, the tight positive correlation between the higher
saccade thresholds and the lower detection thresholds can be
explained if the activity of FEF neurons did not represent two
distinct processes but instead represented how prepared the
animal is to make a saccade. By preparation we mean a process
that increases the probability of a particular action without
necessarily causing that action to happen. Thus, preparation to
make a particular saccade might occur simultaneously with
maintained fixation or with preparation to make saccades to
different locations. If FEF activity represents preparation to
make a saccade, the effect of our microstimulation might be akin
to the artificial generation of an urge to move that has been
described by patients undergoing electrical stimulation of vari-
ous parts of cerebral cortex (24, 25). The detection thresholds
might have been based on the animals reporting which interval
coincided with a greater readiness, or urge, to make a saccade
with a particular vector. If FEF activity represents preparation
to move rather than a signal to begin an obligatory saccade, the
animal would generally not make a saccade when fixating or
otherwise suppressing eye movements, as was required during
our detection task. Only occasionally at higher currents, which
presumably produced urges so great they were not easily sup-
pressed, would saccades result. During measurements of saccade
thresholds the animals were freely viewing the room around
them. If the animal were looking at something that held its
interest, saccade threshold would be elevated because of spon-
taneous suppression of most saccades. On the other hand, if the
animal were not engaged with anything visual, saccade threshold
would approach detection threshold as saccade suppression
approached zero. This would result in a positive correlation
between detection and saccade thresholds, with saccade thresh-
olds typically somewhat higher. Saccade thresholds would rarely
be measured as lower than detection thresholds, because the
animal could not act on movement preparation that it could not
detect. Several studies have shown that electrical stimulation of
the FEF at intensities that do not produce overt eye movements,
or TMS, can produce effects similar to spatial attention (7,
12–15). Our results could also be explained in terms of FEF
activity corresponding to the degree of attention to a particular
location, which would indirectly increase the probability of a
saccade to that location. Our threshold measurements cannot
distinguish between explanations such as saccade preparation
and spatial attention. Although it is consistent with the threshold
data, the idea that neurons in FEF represent preparation to
make a saccade is not easily reconciled with the two distinct types
of FEF single-unit response properties described above. It may
be possible to resolve the contributions of visual and perisaccadic
cells to detection and saccade thresholds in the future with the
development of methods that can selectively stimulate subsets of
neurons that are connected with particular targets (26).

In recent years many investigators have electrically stimulated
oculomotor structures using currents below those that produce
overt eye movements and have reported modulation of activity
in visual cortex or behavioral effects in visual tasks (7, 27–34).
Although conspicuous eye movements were not produced at the
currents used in these studies, stimulation might have been
directly detected or may have produced small displacements of
eye position (Fig. 3E). The currents used in microstimulation
studies are often greater than those that our subjects detected
reliably. The interpretation of most of these experiments does
not depend greatly on whether the animal detected when an
electrical stimulus was delivered. Nevertheless, given the low
detection thresholds that have been found in a range of cortical
regions, it will be important to construct paradigms in which
detection of microstimulation cannot introduce a confound.
Although electrical stimuli can be precisely delivered at currents
much lower than those typically used, it is possible that most of
the neurophysiological and behavioral consequences of micro-

stimulation require a current that is at or above behavioral
detection threshold.

The distributions of thresholds for detecting microstimulation
in the FEF are only slightly higher than those for detecting
microstimulation of areas in visual cortex (16), which were
obtained by using the same two animals and the same methods
as the current study. Median thresholds increased progressively
from �6 �A in V1 to �11 �A in inferotemporal cortex. The
detection thresholds reported here for the FEF (�14 �A) are a
bit higher than those measured in any of the five areas examined
in visual cortex. Thus, there is a progressive increase in detection
thresholds going from areas closer to sensory input toward those
closer to motor output. Although the FEF contains neurons with
distinct visual and perisaccadic response properties, thresholds
for detecting microstimulation were no more widely distributed
than those found in visual cortex, where most areas seem to have
a more limited range of response properties. Nevertheless, it is
noteworthy that distribution of detection thresholds in the FEF
overlaps with those for each of the visual areas, and low
thresholds (in the range of 5–30 �A) have been found at every
one of hundreds of sites spanning a large range of neocortex.
Collectively, these data suggest that activation of relatively small
numbers of neurons in any part of neocortex may be behaviorally
detectable, with no region more privileged than any other in its
ability to support a percept. The readout of a perceptual signal
is possible even in areas that have long been thought to be
involved primarily in motor functions, such as FEF.

Materials and Methods
Microstimulation was done in two rhesus monkeys (Macaca mulatta) that had
previously been used to measure thresholds for detecting microstimulation of
areas in visual cerebral cortex (16). A chamber was placed over the arcuate sulcus,
as identified by MRI and histological confirmation. Before testing, the FEF was
identified based on its stereotaxic location, sulcus location, and response prop-
erties. Every site included in the study reliably generated stereotyped saccades
using currents no greater than 50 �A. All electrical microstimulation used in these
experiments included 200-�s biphasic pulses of constant current delivered at 200
Hz for 250 ms through glass-insulated Pt/Ir electrodes that we made ourselves
(�0.2–1.5 M� at 1 kHz). Currents �50 �A were never used.

Each animal required several days of practice detecting electrical stimulation.
During this period detection thresholds fell and stabilized. The data reported
here were collected after detection thresholds became stable. Behavioral thresh-
olds were determined by using the method of constant stimuli and the 2AFC task
described above.

Saccade thresholds were determined by delivering stimulus trains 100 ms after
a spontaneous saccade was made during intertrial intervals in a fixation task in a
dimly lit recording room. Stimulation was delivered only after a saccade that
reached at least 10°/s and had an amplitude between 1° and 10°. If a saccade
exceeding 10°/s ensued within 250 ms of stimulus onset, it was counted as an
electrically elicited saccade. Electrically elicited saccades were not rewarded. We
used a liberal window for detecting saccades to ensure that we did not artificially
inflate saccade thresholds. Both animals made some spontaneous saccades
within this window, which introduced a pedestal to the saccade-probability
functions (e.g., Fig. 1D). This pedestal did not appreciably affect measurements of
saccade threshold. Data for saccade thresholds were sometimes collected before
detection thresholds and sometimes after.

We fit a cumulative Weibull function (35) to behavioral performance on the
2AFC detection task (Eq. 1) and saccade generation (Eq. 2):

p � � � 	� � 0.5
e�	c/�
� [1]

p � � � 	� � �
e�	c/�
� [2]

The value of � was taken as the threshold, and � was used for the slope.
Ninety-five percent confidence intervals for � and � were taken as the 0.025
and 0.975 values of � and � distributions produced by bootstrapping. Signif-
icant differences between detection and saccade thresholds were found by
bootstrapping differences between pairs of samples drawn from the boot-
strapped � distributions for those two performance functions.

Eye position was recorded every 5 ms by using a scleral search coil. For the
analysis of eye speed, horizontal and vertical eye positions were smoothed with
a Gaussian filter (	 � 12.5 ms) and differentiated, and the absolute value of the
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vectorially combined speed was found. Confidence intervals for averages were
foundbybootstrap.Analysesusingthepeakofabsoluteeyespeedstookthepeak
fromaperiod0–125msafterthestartofthestimulatedorunstimulatedintervals.
The eye speed signal-to-noise ratio for a given stimulus condition was calculated
as the peak of the average eye speed during stimulated intervals minus the peak
of the average eye speed during unstimulated intervals divided by the standard
deviation of the peak eye speed during unstimulated intervals.
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