Exp Brain Res (2006) 173: 1–13
DOI 10.1007/s00221-006-0362-5

R ES E AR C H A RT I C L E

Tadashi Ogawa Æ Hidehiko Komatsu

Neuronal dynamics of bottom-up and top-down processes in area
V4 of macaque monkeys performing a visual search

Received: 30 September 2005 / Accepted: 9 January 2006 / Published online: 28 February 2006
 Springer-Verlag 2006

Abstract Visual selection is thought to be guided by both
bottom-up intrinsic visual saliency and top-down visual
attention. We examined how the relative importance of
each of these processes dynamically changes over the
course of a visual search in area V4 of two macaque
monkeys. The animals were trained to perform a multidimensional visual search task in which a search array
that consisted of two singleton stimuli, unique in shape
and color, and four nonsingleton stimuli was presented.
The task was to select one of the singletons as the saccade target, depending on the instructed search dimension, which was switched between shape and color. The
strengths of the neural modulations caused by the bottom-up and top-down factors were, respectively, evaluated by assessing the dependence of the visual responses
on the singleton type and the behavioral signiﬁcance of
the receptive ﬁeld stimulus. We found that the initial
visual responses of V4 neurons predominantly speciﬁed
the singleton type of the receptive ﬁeld stimulus, while
the late presaccadic response primarily speciﬁed its
behavioral signiﬁcance. For comparison, recordings
were also made from the frontal eye ﬁeld (FEF) of one
monkey and we found that the predominant activity of
FEF neurons signaled the behavioral signiﬁcance of the
receptive ﬁeld stimulus over time. These ﬁndings suggest
that area V4 might function as an intermediate stage
where both sensory- and behavior-based signals are
dynamically represented, depending on their online
requirements during a visual search, whereas the FEF
predominantly represents behavior-based signals for
upcoming saccade responses.
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Introduction
Evidence from psychophysical studies suggests that two
basic mechanisms are involved in the control of attention for visual search (Yarbus 1967; Egeth and Yantis
1997). First, a bottom-up mechanism that occurs in a
parallel manner across the entire visual ﬁeld and is based
on stimulus conﬁguration highlights intrinsically conspicuous objects in a scene. A stimulus that is locally
unique in any of the basic visual feature dimensions [i.e.
a feature singleton] (Pashler 1988) tends to be salient and
can be eﬃciently detected in a visual search (Treisman
and Gelade 1980; Bergen and Julesz 1983; Nothdurft
1993). Second, a top-down mechanism based on the
observer’s knowledge and intention controls attention
to a spatial location or to stimulus features for further
visual processing (Posner et al. 1980; Folk et al. 1992).
Recent psychophysical studies have provided evidence
that these two processes have diﬀerent temporal proﬁles
during visual searches: the bottom-up inﬂuence emerges
soon after presentation of a search array, but is overridden by top-down attentional inﬂuence later (Kim and
Cave 1999; Lamy and Egeth 2003; van Zoest et al. 2004;
see also Connor et al. 2004).
Extrastriate area V4 is thought to play a key role in
visual search and attention. Inﬂuences of both bottomup and top-down factors have been found. The activity
of V4 neurons is selective for the feature contrast
between stimuli (Desimone and Schein 1987; Schein
and Desimone 1990), so it can identify the locations of
the salient singleton stimuli in a visual scene in a bottom-up manner. Top-down attention speciﬁc to a
spatial location or stimulus features can modulate the
activity of V4 neurons (Moran and Desimone 1985;
Haenny et al. 1988; Spitzer et al. 1988; Maunsell et al.
1991; Motter 1994; Connor et al. 1997; Luck et al.
1997; McAdams and Maunsell 1999; Reynolds et al.
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1999). Previous studies of visual searches in area V4
have demonstrated the response enhancement for the
target stimulus over time (Chelazzi et al. 2001; Mazer
and Gallant 2003), and a recent study reported that
multiple top-down processes caused by feature- and
space-based attention inﬂuence the activity of V4 neurons during a free-viewing search task (Bichot et al.
2005). In these studies, however, no salient singleton
stimuli were presented in a search array; therefore,
bottom-up inﬂuences were not explicitly examined.
Although the top-down and bottom-up inﬂuences were
separately detected previously (Ogawa and Komatsu
2004), the dynamic aspects of these two processes
during a visual search were not studied.
In the present study, we tested whether the relative
strengths of the bottom-up and top-down inﬂuences in
the activity of V4 neurons are constant or change
dynamically over the course of a visual search. We found
that the dominant factor in neural modulations in area
V4 dynamically changed from the bottom-up inﬂuences
to the top-down inﬂuences. For comparison, we also
examined the activity of the frontal eye ﬁeld (FEF)
neurons but we did not ﬁnd this dynamic change in
neural modulation. Our ﬁndings suggest that area V4
might function as an intermediate stage where both
sensory- and behavior-based signals are dynamically
represented depending on their online requirements,
whereas the FEF predominantly represents behaviorbased signals for upcoming saccade responses.

background was uniformly dark gray with a luminance of
0.1 cd/m2. The ﬁxation spot was a small spot subtending
0.1. As described below, the six stimuli in each array had
the same luminance (10 cd/m2) and size. The square root
of the stimulus size was changed linearly depending on its
distance from the ﬁxation point (e.g. 0.26 deg2 and 1.04
deg2 at 5and 10 eccentricity, respectively).
The monkeys were trained to perform a multidimensional visual search task. After ﬁxation on a central
spot for 800–2,500 ms, a circular stimulus search array
containing six isoeccentric stimuli was presented
(Fig. 1). Two singleton stimuli, one unique in color
(color singleton), the other in shape (shape singleton),
were presented with four other identical (nonsingleton)
stimuli. One of the singletons served as the target, the
other a distractor, depending on the ongoing search
dimension. The monkeys needed to distinguish the feature contrast in the relevant search dimension to detect

Materials and methods
Subjects and surgery
All procedures for animal care and the experimental
protocols were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (1996) and were approved by the animal
experimentation committee of the Okazaki National
Research Institutes. Two monkeys (Macaca fuscata),
each weighting 5.0–6.0 kg, were used in this study.
Surgical procedures were conducted while the animal
was under deep anesthesia (intravenous sodium pentobarbital). An eye coil, a head holder and two recording
chambers were implanted using sterile techniques. Using
magnetic resonance imaging (MRI) prior to surgery, the
recording chambers were placed at the stereotaxic
coordinates over the V4 and the FEF cortices.
Visual stimulus and behavioral tasks
Visual stimuli were generated by a video signal generator
(VSG 2/3; Cambridge Research Systems, Cambridge,
UK) and presented on a video monitor at 120 Hz in
800·600 resolution (GDM-2000TD; SONY, Japan),
which was viewed binocularly from a distance of 65 cm in
a dark room and subtended a visual angle of 30·24. The

Fig. 1 Design of the multidimensional search task stimulus
conditions for the experiment. Two singleton stimuli, one unique
in color dimension, the other unique in the shape dimension, were
presented simultaneously with four other identical stimuli. The
stimulus in the receptive ﬁeld (RF, gray circles) was of three
singleton types: shape (black rectangle frames, top row), color (gray
frames, middle row) or nonsingleton (not shown). Monkeys had to
make a saccade (arrows) to one of the singleton stimuli, depending
on the search dimension; i.e., to the shape singleton in the shape
search (left column), or to the color singleton in the color search
(right column). Examination of the two search conditions was
conducted in separate blocks, and the search dimension was
instructed by the color of the ﬁxation spot. Note that when the
relevant search dimension was switched, the behavioral signiﬁcance
of the two singleton stimuli, target (thick solid frames) or distractor
(thick dashed frames), were exchanged. None of the nonsingleton
stimuli ever became the target under either search condition
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the target. In the shape search (left column in Fig. 1), the
shape singleton was the target and the color singleton
was the distractor; this was vice versa in the color search
(right column in Fig. 1). A nonsingleton stimulus never
became the target under either search condition (this
stimulus condition will be referred to as nontarget to
contrast with the target and distractor conditions). The
monkeys were required to make a saccade to the target.
Similar stimulus conﬁgurations were used previously in
human psychophysical experiments (e.g. Theeuwes 1991;
Bacon and Egeth 1994).
Identical sets of 13 diﬀerent visual stimulus arrays
were used under both search conditions. One array was
utilized in a catch trial in which all six stimuli had the
same color and shape, and the monkeys were given a
reward when they held ﬁxation throughout the trial. The
remaining 12 arrays included a combination of various
stimulus conditions of the receptive ﬁeld stimulus (two
shapes · two colors · three singleton types). Stimulus
shape and color were randomly selected from two shapes
and two colors determined in advance, and were presented with the same frequency at all six possible positions. Consequently, the monkeys could not use any bias
for a speciﬁc shape, color or position to select the target.
With monkey 1, two shapes and two colors were used
throughout the training and recording experiments.
With monkey 2, the shapes and colors were chosen from
among ﬁve candidate shapes and colors for each neuron
so that the responses to two shapes/colors were as different as possible.
The shape search and color search conditions were
applied sequentially in separate trial blocks (typically
50–100 trials). The search dimension was instructed by
the color of the ﬁxation spot (shape search, red; color
search, blue). In most of the neurons studied, the color
cue was given only for the ﬁrst 5–10 trials of each block,
and a white spot was presented in the rest of trials. Data
from both cued and non-cued trials were used in the
present analysis. The search dimension in the initial
block was randomly selected.
Data collection and data analysis
Neural activities were recorded from V4 of two monkeys. In addition, for comparison, recordings were also
made from FEF of one monkey. With monkey 1, V4 and
FEF recordings were carried out in series but during
separate recording sessions. Recordings were made ﬁrst
from V4 and then from the FEF. With monkey 2,
recordings were carried out only in V4. Neuronal
recording was not begun until the monkeys were highly
trained to perform the multidimensional visual search
task (more than 1 year), and no systematic changes in
the neuronal or behavioral response properties were
detected during recording sessions from each area of
each monkey. Still, because the FEF recordings were
made about 1 year after the V4 recordings, the animal
(monkey 1) had more training and, therefore, the

saccade reaction times were shorter in the FEF recordings than the V4 recordings (see Results).
Eye position was monitored using the scleral search
coil technique (MEL-250UD; Enzansi Kogyo, Tokyo,
Japan) (Fuchs and Robinson 1966; Judge et al. 1980)
and recorded at 1 kHz. Regions of V4 and FEF were
localized based on their physiological properties and
anatomical landmarks. FEF was also localized using a
stimulator (SEN-7203; Nihon Kohden, Tokyo, Japan)
as the site where a 60 ms train of biphasic current pulses
(amplitude, <50 lA; width 0.2 ms; frequency 333 Hz)
evoked ﬁxed-vector, saccadic eye movements during
ﬁxation (Bruce and Goldberg 1985; Bruce et al. 1985).
Single microelectrodes (Frederick Haer & Co, Bowdoinham, ME) were passed through the dura using a set of
grids with 0.5 mm precision and advanced into the brain
with a hydraulic microdrive (MO-95; Narishige, Tokyo,
Japan). Extracellular activity was ampliﬁed by a multichannel ampliﬁer (SS-202J; Nihon Kohden, Tokyo,
Japan) and stored on a Windows 2000-based computer
equipped with a multichannel analog-to-digital board
(PCI-416L2A; Datel Japan, Tokyo, Japan) at sampling
rates of 25 kHz. Single units were discriminated
according to spike amplitude using a simple threshold
method to construct online peristimulus time histograms. Precise spike discrimination was done oﬄine
using a template-matching method.
During recording sessions, we searched for a single
neuron while the monkey performed the multidimensional search task in which the radius and orientation
of the stimulus array were randomly changed from trial
to trial. Once a neuron was isolated, we ﬁrst assessed
the visual responsiveness and the receptive ﬁeld size in
a passive visual ﬁxation task. For those neurons that
had receptive ﬁelds located within an area extending
from 4 to 10 from the fovea and did not include the
ﬁxation point, we tried to adjust the radius and orientation of the stimulus array so that only one stimulus
was presented in a neuron’s receptive ﬁeld in the search
task. The appropriateness of the stimulus conﬁguration
was then conﬁrmed by examining the visual response
obtained when the stimulus in the receptive ﬁeld was
removed and only the remaining ﬁve stimuli were
presented. If the response to the ﬁve-stimulus array was
lager than 20% of the response to the single stimulus in
the receptive ﬁeld, the data from that neuron was
excluded from the analysis. Usually, each of the shapeand color-search conditions was repeated so that more
than 10 repetitions of each trial type were carried out
for each neuron; the minimum accepted for analysis
was seven. We also recorded some visually nonresponsive neurons in the experiment, but they were not
examined in this study.
With the task design described above (Fig. 1), the
monkeys had to combine information about the singleton type and the relevant search dimension to identify
the location of the target singleton. Under these conditions, the neural mechanisms underlying visual selection
should convert stimulus-based signals (singleton type)
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into goal-based signals (behavioral signiﬁcance),
depending on the ongoing behavioral context (search
dimension). We, therefore, focused on those neurons
that conveyed signals encoding information about the
singleton type (bottom-up process) and/or the behavioral signiﬁcance (top-down process) of the receptiveﬁeld stimulus and analyzed the way in which the relative
importance of these factors dynamically changed in V4
and FEF over the course of visual saccade selection. To
identify neurons that showed diﬀerential visual
responses to the three types of singleton in the receptive
ﬁeld (shape singleton, color singleton, and nonsingleton), we performed a three-way ANOVA (two shapes ·
two colors · three singleton types) for each search
condition, analyzing only data obtained in correct trials.
Further analysis was then conducted with those neurons
in which the main eﬀect of singleton type was signiﬁcant
under at least one search condition (signiﬁcance was
assigned at P<0.05). A square root transformation of
the ﬁring rates was carried out to convert neural activity
with a Poisson distribution to a normal distribution
before the ANOVA. It should be noted that, because
each of the three singleton types corresponded to one of
the diﬀerent behavioral signiﬁcance conditions (target,
distractor, and nontarget) mentioned above, this
ANOVA also detected the dependence of the receptive
ﬁeld stimulus on the behavioral signiﬁcance. We distinguished the neuronal modulation correlating with singleton type from that correlating with behavioral
signiﬁcance by comparing the responses recorded under
the two search conditions. This is described in more
detail in the Resultssection. For the ANOVA, we
examined neural activities occurring in a post-stimulus
period, from the shortest visual latency (70 ms for V4
data, 50 ms for FEF data) (Schmolesky et al. 1998) to
times around the minimum onset latency of the saccades
(monkey 1, 240 ms for V4 data and 200 ms for FEF
data; monkey 2, 180 ms), and those occurring during a
50 ms period immediately before saccade initiation in
both monkeys. A few trials in which saccades occurred
in the former period were excluded from the data analysis (monkey 1, 0.6% for V4 data 0.5% for FEF data;
monkey 2, 1.8%).
The eﬀects of the receptive ﬁeld stimulus condition
(singleton type or behavioral signiﬁcance) and search
dimension on neuronal activity were isolated for each
neuron by averaging the ﬁring rates across the stimulus
features—i.e., the shape and color of the stimulus in the
receptive ﬁeld—under each search condition. As a result
of this averaging, we obtained six responses (two search
dimensions · three singleton types). Then, to compare
neural activities across the population of recorded neurons, cell-to-cell diﬀerences in response magnitude were
normalized by the peak activity across the six stimulus
conditions of each neuron. Signiﬁcant diﬀerences between normalized responses were determined using a
permutation test (Efron and Tibshirani 1993). In each
permutation, trial data were randomly shuﬄed across
the responses to two diﬀerent singleton stimuli. To avoid

the mixing of responses to diﬀerent shapes or colors, the
shuﬄing was separately conducted in individual shape
and color. This procedure was repeated to produce 100
total permutations. In each permutation, values of the
normalized responses were computed in the same way as
for the actual data, and the two normalized responses
were compared. If the magnitude of the diﬀerence in the
actual data was larger than the permuted diﬀerences in
more than 95 iterations, it was deemed that these two
responses were signiﬁcantly diﬀerent (at the P<0.05
level).

Results
In a multidimensional visual search task (Fig. 1), a
search array containing two singleton stimuli, shape and
color singletons, was presented after ﬁxation. One singleton that was salient in the instructed search dimension served as the saccade target, while the relevant
search dimension was switched between shape and color.
By switching the search dimension, the behavioral signiﬁcance of the two singleton stimuli was exchanged.
This enabled us to dissociate the respective inﬂuences of
the bottom-up (singleton type) and top-down (behavioral signiﬁcance) factors on neural activity.

Behavioral performance
The monkeys’ behavioral performances during
the search task were well above the chance level
(1/6=16.7%). The average scores in the shape and color
searches were, respectively, 82.8 and 85.6 correct for
monkey 1 and 87.0 and 91.0% correct for monkey 2
during recordings from the V4 neurons studied, and
were 84.6 and 88.1% for monkey 1 during recordings
from the FEF neurons studied. The performances of
both monkeys were thus slightly better in the color
search than in the shape search. The average saccade
reaction times in the shape and color searches were,
respectively, 369 and 359 ms for monkey 1 and 276 and
260 ms for monkey 2 during V4 recording sessions, and
were 295 and 292 ms for monkey 1 during FEF
recording sessions. There were no signiﬁcant diﬀerences
among the six trial conditions (three singleton types ·
two search dimensions) used for each area in each
monkey (two-factor ANOVA using singleton type and
search dimension as main factors), except for the average reaction times in the two search dimensions for
monkey 2 (P<0.05).

Neuronal database
One hundred and thirty-two visually responsive neurons
were recorded in area V4 of the two monkeys. The
neural samples from area V4 were identical with those
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analyzed in our previous study (Ogawa and Komatsu
2004). Although only neural data recorded from the
initial interval in individual trials were studied in our
previous study, whole neural data throughout individual
trials were used in this study. Thirty-ﬁve of the 132
neurons recorded were excluded from our analysis because their responses in the control experiment did not
fulﬁll the criterion that only one stimulus was presented
in their receptive ﬁeld (see Materials and methods). Of
the remaining 97 neurons, 41 (42%; 29 from monkey 1
and 12 from monkey 2) showed signiﬁcant dependence
on the receptive-ﬁeld stimulus condition (singleton type
and/or behavioral signiﬁcance) during at least one of the
early or late periods analyzed under either search condition (P<0.05, three-factor ANOVA) (see Materials
and methods) and were, therefore, analyzed further.
Eighty-eight neurons were recorded from the FEF of
monkey 1 and 50 of them were visually responsive. The
control experiment conﬁrmed that 31 of these 50 neurons had a receptive ﬁeld of appropriate size for the
present study. Twenty-six of these remaining 31 neurons
showed signiﬁcant dependence on the stimulus condition
during at least one of the four analyzed periods
(P<0.05, three-factor ANOVA) and were analyzed
further. The mean number of trial repetitions for each
stimulus condition was 17.0 for the V4 neurons and 17.8
for the FEF neurons. Table 1 summarizes the numbers
of V4 and FEF neurons showing a dependence on the
stimulus condition of the receptive ﬁeld stimulus.
Responses in single V4 neurons
We found that the activity of V4 neurons signaled
information about both the singleton type (bottom-up
factor) and the behavioral signiﬁcance (top-down factor)
of the receptive-ﬁeld stimulus, and that within the population of V4 neurons there were systematic tendencies
in the temporal patterns of the evolution of these neural
modulations (as shown later in Figs. 3, 4), though their
Table 1 Numbers of neurons showing signiﬁcant dependence on
the singleton type and/or behavioral signiﬁcance of the receptive
ﬁeld stimulus
Area

V4
FEF

Time

Early
Late
Early
Late

Search condition

Total

Shape search

Color search

22
20
7
21

22
19
11
23

(10)
(13)
(5)
(18)

34
26
13
26

Numbers of neurons showing signiﬁcant dependence on stimulus
condition in shape search, color search or both during the early and
late periods are indicated separately. Ninety-seven V4 neurons and
31 FEF neurons were examined. The signiﬁcance of eﬀect on neural
activity was evaluated by three-way ANOVA using the shape, color
and singleton type (behavioral signiﬁcance) of the receptive-ﬁeld
stimulus as factors. Values of P<0.05 were considered signiﬁcant.
The numbers in parenthesis indicate the number of neurons
showing signiﬁcant eﬀects under both search conditions

manifestation varied among individual neurons.
Figure 2 shows the activities of two representative V4
neurons that clearly illustrate the neuron-to-neuron
variation. One of these neurons exhibited visual responses of relatively short duration and showed a signiﬁcant dependence on the singleton type of the
receptive-ﬁeld stimulus (Fig. 2a–d). Following initial
phasic visual responses under both search conditions
(left column in Fig. 2a, b), this neuron was most
strongly activated when the color singleton stimulus
appeared in its receptive ﬁeld (gray lines). Thus, the
initial visual responses (around 120 ms–180 ms after
search array presentation) of this neuron were determined mainly by the singleton type of the receptive-ﬁeld
stimulus. However, this bottom-up information about
singleton type was no longer available at later times
because of the lack of activity during the period
extending from 100 ms to 0 ms before saccade initiation
(right column in Fig. 2a, b).
To quantify the dynamics of this response modulation over the course of the search task, we evaluated the
magnitude of the diﬀerence between the responses to the
shape and color singletons at diﬀerent times by moving a
50-ms time window for analysis in 20-ms steps. Figure 2c and d show the normalized responses to the shape
(black circles) and color (gray circles) singletons in the
shape and color searches, respectively. These normalized
responses were obtained by dividing the responses of
each neuron by its peak activity. For clarity, the diﬀerences in values from the average across the three normalized responses under each search condition were
plotted at each step. The heights of the connected black
and gray circles at each step indicate the magnitudes of
the diﬀerences in the responses between the two singleton stimuli. After presentation of the search array (left
column in Fig. 2c and d), the early visual responses to
the color singleton were signiﬁcantly larger than those to
the shape singleton under both search conditions
(asterisk, permutation test, P <0.05). On the other
hand, during the late presaccadic period (right column),
there was no such diﬀerence between the two singleton
stimuli, which is consistent with the lack of response
seen in Fig. 2a and b (permutation test, P>0.05).
Figure 2e–h shows the activity of another single V4
neuron; in this case, the cell showed a strong dependence
on the behavioral signiﬁcance of the receptive-ﬁeld
stimulus. During the late presaccadic period (right column in Fig. 2e, f), the response to the target stimulus
(thick solid lines) was much larger than to the distractor
(thick dashed lines) or the nontarget (thin dotted lines)
stimuli under both search conditions. However, this
increment in the response to the target stimulus was not
seen in the initial visual responses recorded around
120 ms to 140 ms after search array presentation (left
column in Fig. 2e, f ). Instead, the response to the color
singleton (gray lines) was the largest under either search
condition, reﬂecting selectivity for singleton type, which
was conﬁrmed by the quantitative analysis shown in
Fig. 2g and h.
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A

B

C

D

E

F

G

H

Fig. 2 Activity of single V4 neurons (a–d) Activity of a representative V4 neuron showing dependence on the singleton type of the
receptive-ﬁeld stimulus. a Spike density functions obtained in the
shape search. To see only the eﬀects of singleton type (behavioral
signiﬁcance) and search dimension on neural activity, the responses
were averaged across the receptive-ﬁeld stimulus features (two
shapes · two colors) for each singleton type in each search
dimension. Left and right columns indicate the stimulus- and
saccade-aligned functions. Thick black, thick gray and thin black
lines, respectively, indicate the responses when the shape singleton,
color singleton or nonsingleton stimulus was presented within the
receptive ﬁeld. The thick solid, thick dashed and thin dashed lines,
respectively, indicate that the stimulus in the receptive ﬁeld was the
target, distractor or nontarget. The spike density functions were

smoothed with a Gaussian function (SD=10 ms). b Spike density
functions in the color search. c Normalized responses obtained in
the shape search. Black and gray circles represent the normalized
responses to the shape and color singletons, respectively. Each
value of the normalized response was calculated from the neural
data within a 50-ms window centered at each time step. For clarity,
each point is depicted as the diﬀerence in value from the average
across the three normalized responses at each time step under each
search condition. Asterisks indicate signiﬁcant diﬀerences between
the two corresponding mean values (permutation test, P<0.05). d
Normalized responses obtained in the color search. e–h Another V4
neuron showing dependence on the behavioral signiﬁcance of the
receptive-ﬁeld stimulus. Conventions are the same as in (a–d)
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A

B

Fig. 3 Sensory and behavioral components of V4 activity (a, b)
Dependence of neural modulation on singleton type and behavioral
signiﬁcance assessed in a population of V4 neurons (n=41). a Early
period activity (during a 50-ms time window centered at 160-ms
after stimulus onset). For each neuron, the diﬀerence in the
normalized responses to the shape and color singletons (RS-RC)
under the shape search conditions was compared with that under
the color search conditions. Each data point represents a pair of
diﬀerence in values obtained from one neuron. A positive
(negative) value on each axis indicates that the shape singleton
elicited a stronger (weaker) response than the color singleton. There

is a signiﬁcant positive correlation between these two values
(r=0.78, P<0.001). An ellipse and a solid line indicate the 95%
conﬁdence interval for the data points and the main axis of the
ellipse, respectively. Filled circles indicate neurons in which
response modulation was signiﬁcantly diﬀerent from zero (a
permutation test, P<0.05). A star indicates the center of gravity
of the distribution. b Late period activity (during the 50 ms
immediately prior to saccade initiation). There is a signiﬁcant
negative correlation between these two values (r= 0.56,
P<0.001). Conventions are the same as in (a)

It thus appears that the responses of individual V4
neurons can be inﬂuenced by both bottom-up and topdown factors, and that the manifestation of these two
modulatory factors inﬂuencing neural activity varies

from one neuron to another. In the analyses described
below, we attempted to determine whether the modulations by these two factors exhibit any systematic patterns in their temporal dynamics in a population of V4

Fig. 4 Dynamics of the
response modulation in V4 The
dynamics of the response
modulation in a population of
V4 neurons (n=41) were
examined over the course of
visual selection. A 50 ms time
window for analysis was moved
along the time axis in 20 ms
steps, and the same analysis
depicted in Fig. 3 was
conducted at each time step.
The middle of the time window
was moved stepwise from 80 to
240 ms after search array
presentation in (a) and from 80
to 0 ms before saccade
initiation in (b). The color of
each ellipse corresponds to the
color scale at the bottom and
indicates the correlation
coeﬃcient at each time. For
clarity, the data points were
omitted from every other
ellipse. Other conventions are
the same as in Fig. 3

V4
A

B
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neurons. To do this, we evaluated the relative strengths
of the response modulations that correlated with the
singleton type and behavioral signiﬁcance of the receptive ﬁeld stimulus. We will refer to the values obtained as
the sensory component and behavioral component,
respectively.
Bottom-up and top-down inﬂuences on the activities
of V4 neurons
To roughly determine the temporal aspects of the
dependence on singleton type and behavioral signiﬁcance in a population of V4 neurons, we divided
the recorded neural activity into early-period activity
(a 50-ms time window centered at 160 ms after search
array presentation) and late-period activity (a 50-ms
time window immediately before saccade initiation),
and conducted an analysis similar to the one used in
our previous study (Ogawa and Komatsu 2004). We
computed the average magnitudes of the normalized
responses to the shape singleton (RS) and the color
singleton (RC) during the analyzed periods and plotted the diﬀerence in values (RS-RC) obtained under
the shape search conditions versus those obtained
under the color search conditions (Fig. 3). If the sensory component was dominant, neurons should
maintain a preference for one of the singleton types
across the two search conditions, and there should be
a positive correlation between the diﬀerence in values,
with data points clustering along a diagonal line with
a positive slope (y = x). On the other hand, if the
behavioral component is dominant, there should be a
negative correlation, and the data points should cluster along another diagonal line with a negative slope
(y = -x).
We found that for early period activity (Fig. 3a),
there was a signiﬁcant positive correlation in the distribution of the data points (correlation coeﬃcient,
r=0.78; P<0.001). This indicated that the sensory
component was dominant across the V4 neurons studied, although a weak but consistent behavioral component could also be seen as a signiﬁcant deviation of the
center of gravity (star) from zero toward the lower right
(permutation test, P<0.05). That is, despite the dominance of the sensory component in individual V4 neurons, the averaged V4 population response signiﬁcantly
signaled the behavioral signiﬁcance of the receptive ﬁeld
stimulus. In contrast to the early period, the behavioral
component dominated in the activity recorded during
the late presaccadic period (Fig. 3b), as indicated by the
signiﬁcant negative correlation (correlation coeﬃcient,
r= 0.56; P< 0.001). In this case, the distribution expanded toward the lower right, with about half of the V4
neurons studied (n=18) and the center of gravity of the
distribution signiﬁcantly deviated from zero in that
direction (permutation test, P<0.05). Thus, for both the
individual responses and the averaged population response, the late presaccadic activity of V4 neurons pre-

dominantly encoded the behavioral signiﬁcance of the
receptive ﬁeld stimulus.
These response properties were consistently observed
in the individual monkeys. When the same analysis was
conducted on the data from each monkey, the values of
the correlation coeﬃcient in the early and late periods
were respectively 0.81 and -0.60 for monkey 1 (n=29)
and 0.77 and -0.31 for monkey 2 (n=12). Although the
correlation in the late period for monkey 2 was not
signiﬁcant (P>0.05), it did have a negative value. All
other correlations were signiﬁcant (P<0.05). Thus, both
monkeys showed sensory-component dominance during
the early period and behavioral-component dominance
during the late period of the visual search.
Dynamics of response modulation of V4 neurons
Figure 3 shows that the dominant modulating factor
aﬀecting neural activity in area V4 changed from the
singleton type to behavioral signiﬁcance over the course
of visual selection. To examine the dynamics of this
transition in more detail, we next analyzed the response
modulations within a 50 ms time window that was
shifted in 20 ms steps during the course of visual selection. Figure 4a shows the time course of neural modulations locked at the search array presentation: the
center of the time window was moved stepwise from 80
to 240 ms after stimulus presentation. Initially, the distribution was isotropic. Development of the anisotropic
distribution started around 120 ms after search array
presentation and reached an extreme at around
160–180 ms, after which the anisotropy diminished.
Throughout this process, the distribution was consistently elongated toward the upper right and lower left
and showed signiﬁcant positive correlation (correlation
coeﬃcient, r=0.37 to 0.78 from 120 to 200 ms after
stimulus presentation, P<0.05), indicating the predominance of the sensory component in the early population activity of V4 neurons. Figure 4b shows the time
course of neural modulations locked at saccade initiation: the center of the time window was moved stepwise
from 80 to 0 ms before saccade initiation. In this case,
the anisotropic distribution gradually developed as saccade initiation approached. The distribution of the data
points elongated toward the lower right and showed
signiﬁcant negative correlations (r= 0.58 to 0.39
from 60 to 0 ms before saccade, P<0.05), indicating the
predominance of the behavioral component in the late
presaccadic population activity. In sum, the results
presented so far demonstrate that in area V4 of monkeys
performing a multidimensional visual search task, the
bottom-up and top-down factors tend to operate within
diﬀerent time domains, with the evolution of the sensory
component coming ﬁrst after search array presentation
and followed by the behavioral component toward saccade initiation.
The results in Fig. 4 were also conﬁrmed by the
analysis at the level of unnormalized response. When we
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did the same analysis as in Fig. 4 on the raw activity of
individual neurons, we still found sensory-component
dominance in the early period (correlation coeﬃcient,
r=0.11 to 0.34 from 120 to 180 ms after stimulus presentation) and behavioral-component dominance in the
late period (r= 0.79 to 0.60 from 100 to 0 ms before
saccade initiation). The correlation in the early period
became signiﬁcant (P<0.05) at 140 ms after stimulus
onset, and that of the late period was signiﬁcant
(P<0.001) through the 100 ms period before saccade
initiation.
One might argue that the diﬀerence between the
modulations shown in Fig. 4a and b might be due to the
diﬀerence in the timing at which each response was
aligned, as responses in a are aligned at the stimulus
onset, whereas those in b are aligned at the saccade onset.
To test this, we did the same analysis using a common
temporal frame of reference. The analysis was conducted
only on the responses of monkey 1 with a larger amount
of neuron data, because the considerable diﬀerence in the
average saccade reaction times between the two monkeys
obscured the neural modulation at later times, when their
data were combined. We still found that sensory-component dominance occurred ﬁrst (correlation coeﬃcient,
r=0.33 to 0.81 from 120 to 220 ms after stimulus presentation) and was followed by behavioral-component
dominance (r= 0.61 to 0.12 from 240 to 360 ms after
stimulus presentation). This conﬁrms that the present
results in V4 did not arise from methodological artifacts.
An additional experiment on FEF neurons lends further
support to this conclusion (see below).

Dynamics of response modulation of FEF neurons
The response properties in visual search have been
extensively examined in the FEF (see reviews, Schall and
Fig. 5 Neural activity of a
single FEF neuron The
conventions are the same as in
Fig. 2

Thompson 1999; Thompson and Bichot 2005). It seems
that the FEF would be a good reference site to understand qualitative diﬀerences in the visual selection
dynamics between visual areas (area V4) and visualmotor areas. Although the inﬂuences of bottom-up and
top-down factors have been detected in the FEF, the
relative strengths of these two factors diﬀered across
previous studies (e.g. Thompson et al. 1997, 2005;
Bichot et al. 2001; Murthy et al. 2001). In order to directly compare the response properties between area V4
and the FEF, we also recorded the activity of FEF
neurons from one monkey (monkey 1) performing the
same multidimensional visual search task.
In contrast to V4 neurons, visually responsive FEF
neurons exhibited a stereotyped pattern of activity in
which there was no apparent early neural modulation
reﬂecting the sensory component. The response of a
representative FEF neuron is shown in Fig. 5. At
around 140–160 ms after search array presentation, the
responses started to diﬀerentiate under both search
conditions: the responses to the target stimulus became
larger while those to the other stimuli became smaller
(left column in Fig. 5a, b). This response diﬀerentiation
gradually increased and was sustained until initiation of
the saccade (right column in Fig. 5a, b). Quantitative
analyses of the normalized responses (Fig. 5c, d) conﬁrmed that the behavioral component was predominantly signaled in the FEF, and it was especially evident
in the late presaccadic period.
To determine the visual selection dynamics of the
activity of FEF neurons, we next examined the temporal
patterns of the evolution of the sensory and behavioral
components over the course of a visual selection in a
population of FEF neurons (n=26). The same analysis
depicted in Fig. 4 was used to evaluate the activity of
FEF neurons. Figure 6a shows the time course of
the response modulations locked at search array

A

B

C

D
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Fig. 6 Dynamics of response
modulation in the FEF The
dynamics of the response
modulation in a population of
FEF neurons (n=26) were
examined over the course of the
visual selection. The
conventions are the same as in
Fig. 4

FEF
A

B

presentation. There was no systematic tendency reﬂecting the sensory component. Earlier than 140 ms after
search array presentation, the data points clustered near
the origin, and the distribution was isotropic. However,
after that time, most of the data points were shifted
toward the lower right and showed signiﬁcant negative
correlation (r= 0.54 to 0.47 from 180 to 240 ms after
stimulus onset, P<0.05). This tendency in the response
modulation developed gradually and was sustained until
saccade initiation (r= 0.86 to 0.64 from 80 to 0 ms
before saccade, P<0.001) (Fig. 6b). Except for two
neurons, the largest activity was induced by the target
singleton stimulus. FEF neurons thus predominantly
signaled the behavioral component, particularly at late
presaccadic times.
The results in Fig 6 were also conﬁrmed by the
analysis at the level of the unnormalized raw activity of
individual neurons. We only found behavioral-component dominance in the early period (r= 0.85 to 0.41
later than 160 ms after stimulus presentation, P<0.01)
and in the late period (r= 0.94 to 0.70 from 100 to
0 ms before saccade initiation, P<0.001).
The present results from the FEF are essentially the
same as those previously reported (Schall and Thompson 1999; Thompson and Bichot 2005). We also found
reﬂectance of visual saliency in the activity of FEF
neurons (Thompson et al. 1997; Murthy et al. 2001); the
response to the distractor singleton was slightly larger
than to a nonsingleton stimulus during the period
extending from 180 ms after search array presentation
to saccade initiation (permutation test, P<0.05). However, as shown above, the tendency was that most FEF
neurons continuously exhibited the largest activity when
the receptive ﬁeld stimulus was the target stimulus (Bichot et al. 2001; Thompson et al. 2005). This was clearly

diﬀerent from the present results we observed in area V4.
Because both areas were examined in the same visual
search task, we can conclude that the presently observed
properties of V4 responses are not due to methodological artifacts, but are due to the inherent characteristics
of V4 neurons.

Discussion
To examine the dynamics of bottom-up and top-down
neuronal processing in visual search, we examined the
activity of V4 neurons using the multidimensional visual
search task. This task design allowed us to clearly dissociate the two factors in neural modulation, and this
advantage makes the present study diﬀerent from other
previous studies of visual search in visual cortical areas
(Chelazzi et al. 2001; Sheinberg and Logothetis 2001;
Lee et al. 2002; Mazer and Gallant 2003; Bichot et al.
2005). The results showed that whereas the early period
neural modulation in V4 primarily signaled the singleton
type of the receptive ﬁeld stimulus (bottom-up factor),
the late period neural modulation signaled its behavioral
signiﬁcance (top-down factor). Although the latter
behavioral component was not signiﬁcant in one monkey (monkey 2), the signiﬁcant manifestation of the
former sensory component was temporally limited in the
early period in both monkeys, indicating that the relative
strengths of the bottom-up and top-down inﬂuences
dynamically changed over the course of a visual search
task. In contrast, the largest activity of most FEF neurons continuously signaled the behavioral component
during visual search. Thus, the present results demonstrate that the contribution of the bottom-up and topdown signals diﬀers between two areas and that the
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modulatory factors inﬂuencing on the activity of V4
neurons dynamically changed over the course of the
visual search.
Sensory-based and behavior-based signals in area V4
In the early period, around 120–200 ms after array
presentation, the dominant factor modulating individual
V4 neurons’ responses were the singleton type of the
receptive ﬁeld stimulus (the distribution of the data
points shows a signiﬁcant positive correlation, Fig. 4a).
However, the averaged population response signiﬁcantly
discriminated the target around 160 ms after search array presentation (the center of gravity is signiﬁcantly
deviated toward the lower right, Fig. 4a). This suggests
that, even during the early period, the neurons downstream of area V4 could detect the target by receiving the
pooled response of V4 neurons, and that the downstream individual neurons may be able to discriminate
the target earlier than individual V4 neurons. Even so, it
should be realized that the target discrimination process
at the downstream visual-motor areas cannot start
without the contributions of visual areas such as area
V4. In this sense, area V4 should be regarded as one of
the key elements for the converting process from sensory-based signals into behavior-based signals in visual
searches.
In the late period before saccade initiation, both the
population average response and the individual neurons’
response came to signal the behavioral signiﬁcance of
the receptive ﬁeld stimulus (Fig. 4b). Previous studies of
visual search in area V4 showed a neural modulation
that predicts the location of the selected stimulus
(Chelazzi et al. 2001; Mazer and Gallant 2003; Bichot
et al. 2005). When a visual search ultimately selects only
one object as the saccade target, top-down attention
might be spatially allocated to the target location. Psychophysical studies provided evidence that supports this
view (Hoﬀman and Subramaniam 1995; Kowler et al.
1995; Deubel and Schneider 1996). On the other hand,
the behavioral signiﬁcance dependency observed in the
late period may be partially due to motor-related signals
to trigger saccade initiation. However, previous neurophysiological studies showed that presaccadic activation
observed in V4 (Fischer and Boch 1981a, b) depends
primarily on the visual target and has orientation
selectivity (Moore et al. 1998; Moore 1999). Considering
these results, it is unlikely that area V4 plays a direct role
in triggering saccade responses (Moore 1999).
Behavior-based signals in the FEF
The neural mechanisms underlying visual search have
been extensively studied in visual-motor areas such as
the FEF (Schall et al. 1995a; Hanes and Schall 1996;
Thompson et al. 1996), the posterior parietal cortex
(PPC) (Gottlieb et al. 1998; Constantinidis and

Steinmetz 2001), and the superior colliculus (Basso and
Wurtz 1997; McPeek and Keller 2002). In these visualmotor areas, the responses to the target stimulus are
enhanced over time when the receptive ﬁeld stimulus was
the target in the visual search.
In this study, we found that behavioral component
was dominant in the activity of FEF neurons throughout visual search, contrasting with the response proﬁles
of V4 neurons. Although the response proﬁles of FEF
neurons and the comparison with those of V4 neurons
were based on one monkey (monkey 1), this limitation
might be complemented by the evidences from previous
studies of visual search. Although bottom-up sensory
information about stimulus saliency is reﬂected in neural
modulation of the FEF and PPC (Thompson et al. 1997;
Bichot et al. 2001; Constantinidis and Steinmetz 2001;
Murthy et al. 2001), its strength in neural modulations
appears to be diﬀerent from that of V4 neurons. A recent study of the FEF showed that when monkeys
erroneously perform saccades to one of the non-salient
background stimuli, the largest activity did not reﬂect
the location of the salient singleton stimulus, but rather
the end point of the forthcoming saccade (Thompson
et al. 2005). Furthermore, even when correctly performing a search task for a less-salient singleton target
with a salient distractor singleton, FEF neurons exhibited the highest activation for the less-salient target
singleton (Bichot et al. 2001). In the present study, we
also found that most FEF neurons exhibited the largest
response when the receptive ﬁeld stimulus was the target
(Fig. 6). These results suggest that behavior-based signals predominate throughout the trial in the FEF (but
see Thompson et al. 1997; Murthy et al. 2001). This
clearly contrasts with the early period predominance of
sensory signals we observed in area V4. In neural networks underlying visual search, area V4 might provide
visual-motor areas with relevant sensory evidences,
while visual-motor areas might be more closely related
to the target selection process and functions as a winnertake-all ﬁlter (Koch and Ullman 1985; Itti and Koch
2000).
Functional role of area V4 in visual search
In daily life, we often search for behaviorally relevant
objects using prior knowledge about the objects. During
this type of search, our attention might be directed to the
stimulus features of the target object (Chelazzi et al.
2001; Bichot et al. 2005). Even in such conditions,
information about intrinsic visual saliency might play an
important role. We do not search over the entire visual
ﬁeld but tend to direct our vision to visually salient
locations (Yarbus 1967). Identiﬁcation of singleton
stimuli based on bottom-up signals could limit the
number of locations to be inspected. At least during
the early phase of the visual search, particularly when
there are many potential targets in a scene, the top-down
process based on the prior knowledge and the
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bottom-up process based on visual saliency might
cooperate to detect the target. On the other hand, when
the visual selection process proceeds and one of the
objects becomes a potential target, the essential information is the location of that object to which we will
make a saccade. At the late phase of the visual search,
therefore, bottom-up information about visual saliency
is no longer useful and top-down attention might be
allocated to the upcoming saccade location (Hoﬀman
and Subramaniam 1995; Kowler et al. 1995; Deubel and
Schneider 1996). Our present results and previous neurophysiological ﬁndings are in line with this scenario.
Recordings from area V4 showed that even in the
early phase, the averaged population response of V4
neurons signaled behavioral signiﬁcance of the receptive
ﬁeld stimulus. This response enhancement for the target
stimulus is evoked by attention speciﬁc to search
dimension. As V4 neurons directly connect to neurons in
the FEF (Schall et al. 1995b; Stanton et al. 1995) and the
PPC (Baizer et al. 1991), V4 activity could be a source of
enhancement of activity at the target location in visualmotor areas. Increasing activity in the FEF could in turn
enhance V4 activity at the location of the behaviorally
relevant stimulus (Moore and Armstrong 2003). This
feedback from the FEF can be an origin for spatial
attention (Moore and Fallah 2004), and it might be one
of the origins producing the behavioral-signiﬁcance
dependency during the late presaccadic period. The
dynamics of these neural modulations has been well
simulated by a recent visual search model (Hamker
2004) that extends the original feature-speciﬁc biased
competition model (Desimone and Duncan 1995; Chelazzi et al. 1998; Reynolds et al. 1999) by adding a secondary location-based bias from the FEF. It predicts
that the location-based bias from the FEF, which
dominates later, overwrites the initially dominant feature-speciﬁc bias from the prefrontal cortex. Thus, even
in a short interval of a visual search, there might be more
than one process and bottom-up and top-down processes should dynamically and eﬀectively function when
they are needed. The present ﬁndings suggest that area
V4 might be an intermediate stage where both sensoryand behavior-based signals are dynamically represented
depending on their online requirements during a visual
search.
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