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An object that differs markedly from its surrounding—for example, a red cherry among green leaves—seems to pop out effortlessly in
our visual experience. The rapid detection of salient targets, independently of the number of other items in the scene, is thought to be
mediated by efficient search brain mechanisms. It is not clear, however, whether efficient search is actually an “effortless” bottom-up
process or whether it also involves regions of the prefrontal cortex generally associated with top-down sustained attention. We addressed
this question with intracranial EEG (iEEG) recordings designed to identify brain regions underlying a classic visual search task and
correlate neural activity with target detection latencies on a trial-by-trial basis with high temporal precision recordings of these regions
in epileptic patients. The spatio-temporal dynamics of single-trial spectral analysis of iEEG recordings revealed sustained energy increases in a broad gamma band (50 –150 Hz) throughout the duration of the search process in the entire dorsal attention network both in
efficient and inefficient search conditions. By contrast to extensive theoretical and experimental indications that efficient search relies
exclusively on transient bottom-up processes in visual areas, we found that efficient search is mediated by sustained gamma activity in the
dorsal lateral prefrontal cortex and the anterior cingulate cortex, alongside the superior parietal cortex and the frontal eye field. Our
findings support the hypothesis that active visual search systematically involves the frontal-parietal attention network and therefore,
executive attention resources, regardless of target saliency.

Introduction
When searching for a specific object in a crowded visual scene,
search duration depends on the dissimilarity between that object
and its surroundings. Current theories distinguish between efficient search, when the target spontaneously captures attention
because it differs from its background along a simple dimension
(e.g., a red cherry “pops out” among green leaves) and inefficient
search, when the search requires attention to be shifted serially
across the entire display to recognize the target (Wolfe, 2003;
Wolfe et al., 2011). A frontal-parietal network, comprising the
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Neurosciences de Lyon, Equipe Dynamique Cérébrale et Cognition, Centre Hospitalier le Vinatier, Bâtiment 452, 95
BD Pinel, Bron, F-69500, France. E-mail: jp.lachaux@inserm.fr.
DOI:10.1523/JNEUROSCI.6048-11.2012
Copyright © 2012 the authors 0270-6474/12/323414-08$15.00/0

frontal eye fields (FEFs) and the superior parietal lobule (SPL),
drive those attentional shifts exerting a continuous top-down
influence on the visual cortex (Bisley and Goldberg, 2003, 2010;
Moore and Armstrong, 2003; Buschman and Miller, 2007;
Bressler et al., 2008). Both regions contain priority maps that
guide attention toward task-relevant and/or salient items (Shulman et al., 2002; Bichot et al., 2005; Buschman and Miller, 2007;
Kalla et al., 2008; Zhou and Desimone, 2011). The action of the
FEF and SPL is guided by the dorsal lateral prefrontal cortex
(DLPFC) and the dorsal anterior cingulate cortex (dACC). The
DLPFC is actively involved in executive aspects of working memory, attention and decision making (Barceló et al., 2000; Rowe et
al., 2000; Procyk and Goldman-Rakic, 2006; Heekeren et al.,
2008; Kalla et al., 2009), which are crucial to identify and discard
nonrelevant distractors when compared with the memorized target template (Duncan and Humphreys, 1989). The dACC is
thought to control the general engagement of attention in the
task until the target has been found (Cole and Schneider, 2007).
However, while those four regions have been identified to participate of inefficient search, their role during efficient “pop-out”
search remains controversial. Predominant views suggest that the
capture of attention by targets that pop-out is mainly a
bottom-up process (Treisman and Gelade, 1980; Desimone and
Duncan, 1995; Corbetta and Shulman, 2002) with little or no
involvement of the aforementioned network. Indeed, theories on
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Figure 1. Experimental conditions, behavior, and time-frequency responses. A, The experimental design. After a 1000 ms interstimulus interval, a visual array is presented for 3000 ms. When the
target is detected, subjects press a button to indicate in which quadrant of the array (upper or lower) it is located. In the inefficient search condition (in red), target and distractors have the same color.
In the efficient search condition (in blue), the target has a different contrast than the distractors. B, Reaction time distribution for efficient (blue) and inefficient visual search (red). C, Statistical
time-frequency maps (Wilcoxon Z, FDR corrected) for efficient (left) and inefficient (right) visual search from a recording site (patient 10; Talairach coordinates: [⫺43 ⫺3 34]), located in dorsolateral
prefrontal cortex.

saliency maps have provided efficient and purely bottom-up
models solving efficient search (Itti and Koch, 2001). However,
alternative models suggest the need for top-down processes to
guide attention toward the target and perform categorical
decision-making, even during efficient search (Joseph et al., 1997;
Cole and Schneider, 2007). Therefore, current theories suggest
two alternatives scenarios: (1) efficient search might rely exclusively on transient bottom-up processes mediating the capture of
attention by salient targets, with no top-down contributions
from frontal cortical areas, or (2) efficient and inefficient search
would both require the continuous action of the same frontoparietal attentional network, presumably facilitated by bottom-up
capture processes during efficient search. To dissociate between
those two scenarios, we compared the timing of neural activation
with search duration on a trial-by-trial basis during efficient vs
inefficient search in key structures of the human frontoparietal
network: FEF, SPL, DLPFC and dACC.
In line with previous visual attention studies in primates and
humans (Fries et al., 2001; Vidal et al., 2006; Buschman and
Miller, 2007; Wyart and Tallon-Baudry, 2008), we found that
deployment of visual attention is concomitant with sustained
energy increase of local field potentials in the high-frequency
band (50 –150 Hz): broadband gamma activity was observed in
the DLPFC, FEF, SPL and dACC and were sustained throughout
the search process at the single-trial level, during both efficient
and inefficient search. Altogether, our results support the view
that both efficient and inefficient search require active top-down
processes from frontal executive regions.

Materials and Methods
Stimuli and experimental design. Stimuli and paradigm were adapted
from Treisman and Gelade (1980). Each stimulus consisted of an array of
36 letters (6 ⫻ 6 square array with 35 distractors “Ls” and one target “T”
randomly arranged) and participants were instructed to find a target
(present in all trials) as fast as possible (Fig. 1 A). To dissociate correct
from incorrect responses, subjects indicated whether the target was lo-

cated in the upper or lower half of the display by pressing on a control
pad, with their right index (upper button) or middle finger (lower button) respectively. The initial experimental design consisted of 6 conditions with varying distractor layout (contrast and quantity) in the
displays. Eleven of 24 subjects performed this experiment, while the remaining 13 subjects performed a simplified design consisting of only two
of the six conditions. In this study we focus on two conditions, efficient
and inefficient visual search, defined as follows: in the efficient condition
a gray target was presented among black distractors while in the inefficient condition, all letters were gray (Fig. 1 A). Both conditions were
presented randomly for a fixed duration of 3 s and with an interstimulus
interval of 1 s. The stimuli were displayed on a 19 inch computer screen
located at 60 cm away from the subject. Only data from trials with correct
target detection were analyzed. Each experimental block lasted 5 min,
interleaved with short interblock pauses.
Participants. Intracranial recordings were obtained from 24 neurosurgical patients with intractable epilepsy (16 female, mean age: 34 ⫾ 12
years) at the Epilepsy Department of the Grenoble University Hospital.
All subjects were stereotactically implanted with multilead EEG depth
electrodes simultaneously sampling lateral, intermediate and medial wall
structures. Electrode implantation was performed according to routine
procedures and all target structures for the presurgical evaluation were
selected strictly according to clinical considerations with no reference to
the current study. All recorded electrophysiological data exhibiting pathological activity were discarded from the present study. All participants
provided written informed consent and the experimental procedures
were approved by the Institutional Review Board and by the National
French Science Ethical Committee (CPPRB). All participants had normal or corrected to normal vision.
Electrode implantation. Eleven to 15 semirigid multilead electrodes
were stereotactically implanted in the brain of each patient. These
stereotactic-EEG electrodes have a diameter of 0.8 mm and, depending
on the target structure, consist of 10 –15 contact leads 2 mm wide and 1.5
mm apart (DIXI Medical). Electrode contacts were identified on the
patient’s individual stereotactic implantation scheme, and were anatomically localized using Talairach and Tournoux’s (1993) proportional atlas. Computer-assisted matching between a postimplantation CT-scan
and a preimplantation 3-D MRI dataset (VOXIM R, IVS Solutions) al-
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lowed for direct visualization of the electrode contacts on the patient’s
brain anatomy using the ACTIVIS (Aguera et al., 2011).
Intracranial EEG recordings. Intracranial EEG (iEEG) recordings were
conducted using a video-iEEG monitoring system (Micromed), which
allowed the simultaneous data recording from 128 depth-EEG electrode
sites. The data were bandpass-filtered online from 0.1 to 200 Hz and
sampled at 512 Hz in 22 subjects and 1024 Hz in the remaining two.
During the acquisition the data were recorded using a reference electrode
located in white matter. For subsequent analyses, each electrode trace was
referenced with respect to its direct neighbor by bipolar derivation. This
final electrode montage eliminates signal artifacts common to adjacent
recording sites (such as the 50 Hz power supply artifact or distant physiological artifacts) and achieves a high local specificity by canceling out
effects of distant sources that equally spread to both adjacent sites
through volume conduction (Lachaux et al., 2003; Jerbi et al., 2009a,b).
The spatial resolution achieved by this bipolar iEEG montage is on the
order of 3 mm. Eye movements were monitored by recording the EOG in
all sessions.
Spectral analysis and statistical measures. We used two analysis techniques to assess spectral responses from neural recordings. Initially, we
computed a standard time-frequency (TF) wavelet decomposition,
which allows identifying major TF components of interest across all trials
at each recording site. This was performed with the software package for
electrophysiological analysis (ELAN-pack) developed at the laboratory
INSERM U1028 (Aguera et al., 2011). The frequency range extended
from 1 to 200 Hz and the time interval included a 300 ms prestimulus
baseline, from ⫺400 to ⫺100 ms, and lasted until stimulus offset (3000
ms). We estimated significant power responses compared with average
baseline with the Wilcoxon signed rank test (Fig. 1C). Based on these
results we determined a frequency range of interest which was used to
compute the Hilbert transform, to evaluate the significance of this neural
response with a lower degree of complexity and thus with a higher statistical power. Applying the Hilbert transform to the continuous recordings
splits the data into instantaneous amplitude (i.e., envelope) and phase
components in a given frequency interval (Le Van Quyen et al., 2001). In
addition to being a convenient measure of instantaneous amplitude
modulations in a frequency range of interest, performing spectral analysis using the Hilbert transform was also used to confirm the TF results
obtained independently by wavelet analysis. These comparisons provided an additional level of confidence in the results of spectral analysis
reported throughout this study. Hilbert transform and subsequent envelope calculations were done with Matlab software (MathWorks).
Continuous iEEG signals were first bandpass filtered in multiple successive 10-Hz-wide frequency bands (e.g., 10 bands, beginning with
50 – 60 Hz up to 140 –150 Hz). Next, for each bandpass filtered signal we
computed the envelope using standard Hilbert transform. The obtained
envelope had a time resolution of 15.625 ms. Again, for each band, this
envelope signal (i.e., time-varying amplitude) was divided by its mean
across the entire recording session and multiplied by 100. This yields
instantaneous envelope values expressed as percent of the mean. Finally,
the envelope signals computed for each consecutive frequency bands
(e.g., 10 bands of 10 Hz intervals between 50 and 150 Hz) were averaged
together, to provide one single time-series (the high gamma-band envelope) across the entire session. By construction, the mean value of that
time-series across the recording session is equal to 100.
To estimate the significance of the amplitude responses across time
(poststimulus) we compared each poststimulus time-bin (0 –3000 ms) to
an average prestimulus baseline amplitude value (⫺400 to ⫺100 ms)
with a Wilcoxon signed rank test followed by false discovery rate (FDR)
correction (Genovese et al., 2002) across all time samples. We used a
nonparametric Kruskal–Wallis test to compare baseline-corrected poststimulus amplitude responses between efficient and inefficient search
followed by FDR correction across all time samples.
Mapping intracranial EEG data to standard MNI brain. The anatomical
representation of all significant amplitude modulations for a given frequency band were obtained by pooling data from all subjects and mapping it onto a standard Montreal Neurological Institute (MNI) brain
based on the localization of each electrode. The value assigned to each
node of the MNI brain represents the average of data from all recording

sites located within a distance maximum 15 mm from the node. The
individual data averaged in this study represents the change in amplitude
(in %) compared with prestimulus baseline period (more detailed methods described by Vidal et al., 2010; Ossandón et al., 2011). This data
mapping procedure allows visualizing intracranial EEG data from all
subjects on a common MNI brain and is used to identify anatomofunctional regions of interest for further detailed analyses.

Results
Behavioral results
Reaction times (RTs) in participants were shorter and performance was higher during efficient compared with inefficient
search (⫾SEM; RT: efficient, 1003 ⫾ 70 ms; inefficient: 1705 ⫾
138 ms; t ⫽ 17.05, p ⬍ 0.001, Fig. 1 B; performance: efficient,
95.3% correct; inefficient 84.3% correct; t ⫽ 5.66, p ⬍ 0.001).
Three distinct temporal profiles in the gamma band
iEEG data were collected from a total of 2413 intracranial recording sites across 24 patients. TF statistical analysis revealed a significant poststimulus spectral power increase in a broad
frequency range covering the low and high gamma-bands (50 –
150 Hz) in 352 sites (14.6% of all sites). This frequency range of
interest (50 –150 Hz) was used to compute the Hilbert transform
(see Materials and Methods for details; Wilcoxon test vs baseline
after Hilbert transformation, p ⬍ 0.05, corrected for multiple
comparisons). A preliminary analysis separating between low
(40 –70 Hz) and high (80 –150 Hz) gamma amplitude revealed
only little and inconsistent difference between frequency bands
(spatial distribution, effect of task, latency and duration).
Among the significant sites, the poststimulus broadband
gamma activity (BGA) amplitude was significant either for (1)
the efficient search (16 sites), (2) the inefficient search (25 sites),
or for both conditions (309 sites; Fig. 1 B). Visual inspection of
those broadband gamma responses revealed a dissociation between short transient responses time-locked to stimulus onset
(type I), sustained energy increases lasting the entire search process (type II) and late energy increases time-locked to the motor
response (type III) (Fig. 2 B). Our main question was whether
type II responses could be observed during efficient search and if
so, in which brain structures. To address this question, we defined this response type more precisely as follows: any significant
poststimulus energy increase between 50 Hz and 150 Hz, sustained throughout the trial and which duration was correlated
with reaction time on a single-trial basis; p ⬍ 0.05, Spearman
correlation, corrected). The duration of the increase was defined
as the number of samples during the 3 s following stimulus onset
(the time of the stimuli presentation) with an energy value higher
than baseline ( p ⬍ 0.05, Wilcoxon test, corrected). Trials in
which responses occurred after 3 s were not analyzed (⬍1% of
trials). Such type II responses, called task-related BGA thereafter,
were found in 112 sites overall, mostly located in the frontal lobes
(Fig. 2 B). Of the remaining 240 responsive sites, 72 had responses
time-locked to the motor response (i.e., a significant correlation
between the latency of the response maximum and the reaction
time on a single-trial basis, Spearman correlation, corrected p ⬍
0.01; Fig. 2 B) located principally along the precentral and postcentral gyrus.
Finally, 123 sites had transient responses time-locked to stimulus
onset, in which the duration of BGA was completely independent of
reaction times across the trials (90 of which were located in the temporal lobes). An additional 45 sites (13% overall) were responsive
but could not be categorized as type I, II, or III.
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A total of 63 of the 112 task-related BGA
(type II) were located in one of these four
ROIs (Fig. 3A): 19 in the DLPFC (7 patients), 20 in the PrCS/MFG (7 patients), 12
in the SPL (6 patients), and 12 in the dACC
(4 patients). The majority of the 49 remaining sites were in the occipital (9) and temporal lobes (24), or in the premotor cortex (8),
that is outside the primary regions of interest of our study: top-down control frontal
sites. All other excluded sites were widely
distributed in frontal regions where we
could not record from at least three different
patients.
In the four ROIs, the majority of BGA
responses (85%) had no significant amplitude difference between the efficient and
inefficient search conditions (Fig. 3B,
time windows: 100 – 600 ms after stimulus
presentation; p ⬎ 0.05, Kruskal–Wallis
test, FDR corrected) (DLPFC: 17 of 19;
PrCS/MFG: 14 of 20; SPL: 11 of 12; dACC:
11 of 12).
The overall energy of the BGA was
higher in the inefficient than in the efficient
search condition, but mostly because of longer reaction times, yielding longer responses
in the former condition (3 s; Figs. 1C, 3A).
When considering only trials with equivalent reaction time distributions (i.e., shortest inefficient search vs longest efficient
search trials), we found that most (53 of 63)
recording sites produced BGA responses
with equivalent energy (Kruskal–Wallis test,
FDR corrected, p ⬎ 0.05. At least 27 trials by condition were compared). In half
of the 10 remaining sites, the energy of
the average response over trials with
matched duration was higher in the efficient search condition. Overall, all
four ROIs were characterized by increases in broadband gamma activity
that were sustained throughout the duration of each trial, from stimulus onset
Figure 2. Broadband gamma activity response patterns during visual search. A, Grand average broadband gamma response to target detection. Most importantly
topography across all recording sites and all patients, plotted on a “glass brain” in MNI coordinates. B, Top, Single-trial BGA this was observed both for the pop-out
responses recorded from DLPFC (left, Talairach coordinates [⫺37 17 27]) and primary motor cortex (right, Talairach coordinates (efficient search) and the more complex
[⫺57 ⫺28 48]) from patient 23 in the inefficient search condition. Middle, Scatter plot of single-trial BGA quanta versus reaction (inefficient search) tasks with no signiftimes. A BGA quantum is a significant time-sample of BGA response versus baseline power evaluated between stimulus onset and icant difference in mean energy between
offset (Wilcoxon test, FDR corrected). Left and right panels correspond to upper BGA responses. C, Average BGA responses aligned the two conditions.
to the response (button-press). Left and right panels correspond to top panel BGA responses.
Finally, 112 of 123 electrodes with a
short transient response time-locked to
stimulus onset (type I) were located in the
Task effects
temporal and occipital lobes (the remaining 11 in the parietal
Within the dorsal attention network, iEEG gamma-band responses
lobes) (Fig. 4A). The majority of these contacts (90 of 112; 80.3%)
were mostly found in four anatomical ROIs (Fig. 2A): DLPFC (bihad no significant amplitude difference between the efficient and
lateral, center coordinates: [43, 39, 22] and [⫺39, 28, 25], Talairach
inefficient search conditions (Fig. 4 A; time windows: 100 –500
space), dACC (center coordinate: [⫺4, 16, 44]), SPL (bilateral, cenms after stimulus presentation; p ⬎ 0.05, Kruskal–Wallis test,
ter coordinates: [32, ⫺50, 46] and [⫺36, ⫺56, 45])—and right and
FDR corrected). Eighteen of the remaining 22 sites, in the temleft intersection line between precentral sulcus and middle frontal
poral or occipital lobes, had stronger response in the efficient
gyrus (PrCS/MFG, center coordinates [44, ⫺1, 39] and [⫺42, ⫺2,
search condition (10 of which in the left fusiform gyrus). In all
43]), including the proposed location of the human FEF (Blanke et
sites but one (17 of 18), the response duration, while transient,
al., 2000; Lobel et al., 2001).
was nevertheless correlated with reaction time on a single-trial
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Figure 3. Single-trial gamma-band responses to efficient and inefficient visual search from frontal-parietal recording sites. A, All recording sites with a transient gamma-band response (see
Materials and Methods) located in glass brain (Talairach). B, Four illustrative examples (MRI, right) of single-trial gamma-band responses to efficient (eff) and inefficient (ineff) visual search (left)
recorded within 4 regions of interest of the frontal-parietal network: DLPFC (patient 5, Talairach coordinates [⫺58 ⫺1 34]), dACC (patient 10, Talairach coordinates [⫺12 11 47]), PrCS/MFG
putative FEF (patient 10, Talairach coordinates [⫺46 ⫺2 34]), and IPS (patient 23, Talairach coordinates [⫺52 ⫺42 46]).

Figure 4. Single-trial gamma-band responses (Transient,Type 1) during efficient and inefficient visual search. A, Recording sites located in glass brain (Talairach). In blue: contacts with a stronger
response during efficient vs inefficient search (Kruskal-Wallis, FDR corrected). B, Two illustrative examples of single-trial gamma-band responses during efficient (eff) and inefficient (ineff) search
in the right and left fusiform gyrus: (patient 6, Talairach coordinates [36 ⫺52 ⫺12] and patient 20 [⫺30 ⫺41 ⫺16]). Bottom, Profile of gamma-band responses aligned to stimuli onset. Left and
right panels correspond to top panel responses.

Ossandón et al. • Sustained Broadband Gamma Reflects Top-Down Processing

basis ( p ⬍ 0.05, Spearman correlation, corrected). In addition,
four sites (4 of 22) had stronger response in the inefficient search
condition.

Discussion
To the best of our knowledge, this study is the first to reveal a
significant trial-by-trial correlation between neuronal activity
and behavioral parameters during a visual search task in humans.
Significant correlations between reaction times and the duration
of sustained gamma-band responses provide clear evidence that
the dorsal attention network supported by the dorsal ACC and
the DLPFC in the frontal lobe, and by the SPL is equally active
during efficient and inefficient visual search. Differences in
search duration across the two conditions accounted for longer
neural responses during inefficient search, but onset latencies
and response amplitudes were similar in both types of search in
the majority of frontal and parietal recording sites.
Sustained frontal activation during efficient visual search
Our results support the view that efficient and inefficient visual
search rely on the same network, despite previous models showing that salient targets can be detected by purely bottom-up processes in the visual cortex (Treisman and Gelade, 1980; Itti and
Koch, 2001). In fact, the temporal dynamics of sustained BGA
increases accompanying efficient search is more compatible with
top-down influences than with bottom-up processes, which are
usually characterized by early and transient neural responses following stimulus onset.
Such transient responses were observed predominantly in the
occipital and temporal lobes, and were stronger, in most cases, in
the efficient search condition. We propose that they mediate a
capture process by salient targets; however, our results show that
this putative capture mechanism should not be thought of as
purely bottom-up: it is mediated by a transient neural response which latency is relatively late, between 250 and 400
ms, unlike typical fast bottom-up processes, and variable
across trials, with a strong predictive effect on reaction time as
illustrated by Figure 4 B.
The sustained activations we report during both efficient and
inefficient search conditions need to be considered and incorporated into the previous literature that supports the view that prefrontal areas, and especially the DLPFC, are not necessary for
efficient search. For instance, in an fMRI study, Leonards et al.
(2000) found that although the networks underlying efficient and
inefficient search overlapped almost completely, the DLPFC was
active only during inefficient search. This was later confirmed by
Anderson et al. (2007), who reported no fMRI activation in the
DLPFC when participants searched for singletons—a typical efficient search condition. One possible explanation might be that
search durations are too short in the efficient condition to elicit a
BOLD response in the DLPFC that is sufficiently long to be detected with fMRI. This would amount to a simple technical limitation of fMRI, which is its low temporal resolution compared
with electrophysiological recordings such intracranial EEG.
However, the failure to detect prefrontal activations during efficient search is not unique to fMRI studies. Kalla et al. (2009)
reached similar conclusions with Transcranial Magnetic Stimulation: TMS pulses delivered to the DLPFC did not impair the
participants’ ability to detect the presence of singletons in a
crowded display (but see Iba and Sawaguchi, 2003) for evidence
that reversible muscimol inactivation of monkey DLPFC affects efficient search performance). This led them to conclude
that this region is not necessary for efficient search (Kalla et al.,
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2009). As recently summarized, and in fact questioned by
Wardak et al. (2010) in a monkey study, the classical view
remains that efficient search involves solely, or mainly, lowlevel preattentive processes.
Yet, there are reasons to believe that the DLPFC should be
active during any kind of visual search, be it efficient or inefficient. Several functions have been attributed to the DLPFC: not
only the guidance, control and monitoring of spatial attention
but also decision-making and response selection processes
(Heekeren et al., 2004, 2008), and working-memory, including
the maintenance of a memory trace of the task-set and the
attention-set which define the task-at-hand (Corbetta and Shulman, 2002; Sakai, 2008). In direct contradiction with the previously mentioned fMRI and TMS studies, our results support the
view that at least a subset of those processes also occurs during
efficient search, in parallel with low-level detection processes.
This finding might be explained by the fact that our “efficient
search” condition required that participants actually find the target and identify its spatial location, which clearly involves
decision-making and a working memory component, to maintain the attention-set which defines the target.
In the three studies previously mentioned (Leonards et al.,
2000; Anderson et al., 2007; Kalla et al., 2009), participants simply
had to report whether a singleton was present or absent in the
visual display. This might constitute an exceptionally easy task for
the visual system, which can be performed without any memory
requirement. The perceptual decision might amount to a simple
low-level categorical scene interpretation (Hochstein and
Ahissar, 2002) discriminating between two general configurations of displays: spatially homogeneous vs inhomogeneous.
Therefore, their task would not necessarily require an actual
search process per se, that is, the localization of a pre-identified
item embedded within a crowded visual environment, but simply
the detection that “the display looks odd and inhomogeneous”.
When the search is, indeed, a search, we argue that the prefrontal
cortex is actively involved even when the target is a salient target.
This view is reminiscent of earlier claims by Joseph et al. (1997)
that even simple search tasks, including searching for simple features, require central attentional resources and are disrupted
when attention is diverted away by a secondary task. Indeed, this
interpretation has received support from a scalp-ERP study
showing that the lateralized N2pc, indicative of shifts of attentive
visual selection (Luck and Hillyard, 1994), is also present during
efficient search (Leonards et al., 2003).
We propose that, during efficient search, bottom-up influences act in parallel with top-down search processes to orient
attention to the salient target and terminate the search early.
During the search process, sustained neural activity in the
DLPFC, the FEF and the SPL might reflect top-down influences
from frontal areas to continuously update saliency/priority maps
in the parietal lobe (Bisley and Goldberg, 2010). We further propose that top-down influences guide attention deployment as
soon as participants search for a prespecified target, be it salient
or not. In addition, the dorsal ACC would drive and sustain the
attentional effort until task-completion, again independently of
search condition (Dosenbach et al., 2006).
Gamma-band activity in the DLPFC, dACC and to a lesser
extent the FEF would therefore be characteristic of “active vision”: the search for task-relevant information in a visual scene
(Henderson, 2003). Therefore, we suggest that any search condition necessarily activates the frontal executive system, as soon as
search instructions define that some items are “task-relevant,”
which must then be maintained in an attention-set and searched
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for. In other words, “searching” inevitably contains an active
component that would be indissociable from active top-down
frontal control, in direct agreement with recent models of visual
search (Wolfe, 2003). Purely bottom-up attentional capture—
free of frontal influences—would only occur in passive viewing
conditions, with no prespecified target or when participants
make an explicit effort to adopt a passive cognitive strategy and
let the target pop-out. In fact, a recent eye-tracking study (Watson et al., 2010) showed that during an easy visual search, participants had the natural tendency to react to the display onset with
an immediate and active visual exploration. However, it was possible to instruct participants to hold their exploratory behavior
and let the target pop-out, before making their first saccade. This
more passive strategy proved to be a more efficient extraction of
visual information. The study by Watson et al. (2010) is not in
contradiction with the results we report here. It rather indicates
that “active search”—involving the dorsal attention network—
might be just one option during efficient search, the most natural
but not necessarily the most efficient one, and another example
that participants do not spontaneously use the most efficient attentional strategy to perform easy tasks, as suggested by several
recent studies (Slagter et al., 2007, 2009).
Sustained gamma-band responses during attentive search
That BGA increases during “active vision” is an observation reminiscent of earlier proposals that neural synchronization in the
gamma-band might mediate attentional selection (Murthy and
Fetz, 1996; Fries, 2005, 2009). However, the frequency bandwidth
of the iEEG gamma-band responses reported here extends well
beyond the narrow frequency band found in monkey studies
(Fries et al., 2001; Buschman and Miller, 2007) and might therefore correspond to a different mechanism. An alternative, and
possibly nonexclusive, interpretation, is that broadband gamma
responses reflect a global enhancement of the firing rate of the
underlying neural population, observed as a “spike bleedthrough” in the field power spectra (Manning et al., 2009; Ray
and Maunsell, 2011). Indeed, recent studies combining multiunit
recordings with iEEG in humans (Manning et al., 2009) or LFP in
macaque monkeys (Ray and Maunsell, 2011) have clearly demonstrated strong positive correlations between BGA and cooccurring spike rates at the population level. Based on those
studies, we support the view that BGA can, at least, be understood
as a proxy of the global discharge rate—and therefore activity
level— of the neural populations recorded with iEEG, which is
consistent with the tight relationship between BGA and the
BOLD signals measured with fMRI (Logothetis et al., 2001; Mukamel et al., 2005; Niessing et al., 2005; Lachaux et al., 2007; Nir et
al., 2007; Conner et al., 2011). Interestingly, this putative relationship between BOLD and high-frequency power modulations
in the electrophysiological signals is also supported by reports
that default-mode network areas, which are known to display
negative BOLD responses during attention-demanding behavior,
also show a reduction of broadband gamma power (Jerbi et al.,
2010; Ossandón et al., 2011).
Together, our findings support the view that active visual
search systematically involves the frontal-parietal attention network and therefore, executive attention resources, regardless of
target saliency. While intracranially recorded trial-by-trial
broadband gamma power appears to be a reliable marker of the
neural processes that mediate efficient search, more studies will
be needed to examine to what extent such signals can be reliably
obtained from noninvasive techniques and also to resolve possi-

ble discrepancies between electrophysiological and fMRI studies
of efficient versus inefficient search.
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Wolfe JM, Võ ML, Evans KK, Greene MR (2011) Visual search in scenes
involves selective and nonselective pathways. Trends Cogn Sci 15:77– 84.
Wyart V, Tallon-Baudry C (2008) Neural dissociation between visual
awareness and spatial attention. J Neurosci 28:2667–2679.
Zhou H, Desimone R (2011) Feature-based attention in the frontal eye field
and area V4 during visual search. Neuron 70:1205–1217.

