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Visual attention provides a means of selecting among the barrage
of information reaching the retina and of enhancing the perceptual
discriminability of relevant stimuli. Neurophysiological studies in
monkeys and functional imaging studies in humans have demon-
strated neural correlates of these perceptual improvements in
visual cortex during attention. Importantly, voluntary attention
improves the discriminability of visual cortical responses to rele-
vant stimuli. Recent work aimed at identifying sources of atten-
tional modulation has implicated the frontal eye field (FEF) in
driving spatial attention. Subthreshold microstimulation of the FEF
enhances the responses of area V4 neurons to spatially correspond-
ing stimuli. However, it is not known whether these enhancements
include improved visual-response discriminability, a hallmark of
voluntary attention. We used receiver-operator characteristic anal-
ysis to quantify how well V4 responses discriminated visual stimuli
and examined how discriminability was affected by FEF micro-
stimulation. Discriminability of responses to stable visual stimuli
decayed over time but was transiently restored after microstimu-
lation of the FEF. As observed during voluntary attention, the
enhancement resulted only from changes in the magnitude of V4
responses and not in the relationship between response magni-
tude and variance. Enhanced response discriminability was appar-
ent immediately after microstimulation and was reliable within 40
ms of microstimulation onset, indicating a direct influence of FEF
stimulation on visual representations. These results contribute to
the mounting evidence that saccade-related signals are a source of
spatial attentive selection.
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Covert visual attention selectively enhances relevant signals
from among the flood of information that enters the eye.

Perception of attended stimuli is enhanced in a variety of ways
(1–3), but in general discrimination of attended stimuli is
improved (4). Neurophysiological studies in monkeys and func-
tional imaging studies in humans have demonstrated neural
correlates of these perceptual improvements in visual cortex
during attention (5–7). Recent work has implicated saccade-
related circuits in driving modulations of visual processing
during spatial attention. Specifically, subthreshold microstimu-
lation of the frontal eye field (FEF), an area involved in the
control of voluntary saccadic eye movements (8, 9), improves
performance on an attention task (10, 11) and transiently
enhances visual responses in extrastriate area V4 (12, 13). It is
known that voluntary attention improves the discriminability of
V4 neuronal responses (14, 15) and that the enhanced discrim-
inability results from selective changes in the magnitude of visual
responses but not in their reliability (16). Although the effects of
FEF microstimulation on V4 responses mirror those of voluntary
attention in some respects (12, 13), how FEF microstimulation
affects response discriminability and reliability is not known.

We studied the influence of FEF microstimulation on the
ability of V4 neurons to discriminate receptive field (RF) stimuli.
We used receiver-operating characteristic (ROC) analysis (17),
applied to each neuron’s response (18), to quantify how well V4

responses could discriminate two stimuli, and we used this metric
to examine how visual-response discriminability in the popula-
tion of V4 neurons was affected by FEF microstimulation.
Several hundred ms after visual stimulus onset, response adap-
tation had markedly reduced the discriminability of V4 responses
to different RF stimuli. However, FEF microstimulation tran-
siently restored response discriminability. Furthermore, the en-
hancement in discriminability resulted from stimulation-driven
changes in response magnitude but not in response reliability.
Both effects have been observed in V4 neurons during voluntary
attention (16). The enhancement was restricted to responses to
RF stimuli appearing at locations that were aligned with the end
point of the saccade that could be evoked at the stimulation site.
Importantly, enhanced discriminability was apparent immedi-
ately after FEF microstimulation, suggesting that the effect of
stimulation on visual representations is direct. These results
suggest that neural circuits involved in voluntary saccade pro-
duction also modulate representations in the visual cortex during
covert attention.

Results
Visual Response Discriminability. We studied the responses of
single V4 neurons to different RF stimuli in monkeys performing
a passive fixation task. Fig. 1A shows the response of an example
neuron when one of two differently oriented bars was presented
to its RF. Shortly after visual stimulus onset (90–290 ms), this
neuron responded differently to the two test stimuli (paired t test,
P � 0.01). The ROC curve computed from the onset response
quantifies the extent to which the response discriminates be-
tween the two stimuli tested (Fig. 1B). The area under the ROC
curve (AROC), in this case 0.76, is the performance (76%)
expected of an ideal observer if she were to make her decision
about the RF stimulus orientation based solely on the neuron’s
response (17), and it is used here as an index of visual-response
discriminability (18). For the population of 78 neurons, the mean
onset response discriminability varied widely, with a mean �ROC
of 0.68. We focused our analyses on the subset of neurons that
individually showed selective responses to the two RF stimuli
(paired t test, P � 0.05; n � 37/78, 47%) (Fig. 1C). For this subset
of neurons, response discriminability decayed throughout the
trial and had decreased significantly by 500 ms after visual
stimulus onset (�AROC � �0.23, permutation test, P � 10�12)
(Fig. 1D), despite the fact that the RF stimulus remained stable
throughout the trial. This degradation in discriminability may
reflect the response adaptation often observed in the responses
of V4 neurons to stable RF stimuli (19–21).
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