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Abstract

■ When a stimulus is associated with a reward, it becomes
prioritized, and the allocation of attention to that stimulus in-
creases. For low-level features, such as color, this reward-based
allocation of attention can manifest early in time and as a faster
and stronger shift of attention to targets with that color, as re-
flected by the N2pc (a parieto-occipital electrophysiological
component peaking at ∼250 msec). It is unknown, however,
if reward associations can similarly modulate attentional shifts
to complex objects or object categories, or if reward-related
modulation of attentional allocation to such stimuli would occur
later in time or through a different mechanism. Here, we used
magnetoencephalographic recordings in 24 participants to
investigate how object categories with a reward association
would modulate the shift of attention. On each trial, two colored

squares were presented, one in a target color and the other in a
distractor color, each with an embedded object. Participants
searched for the target-colored square and performed a corner
discrimination task. The embedded objects were from either a
rewarded or non-rewarded category, and if a rewarded-category
object were present within the target-colored square, partici-
pants could earn extra money for correct performance. We
observed that when the target color contained an object from
a rewarded versus a non-rewarded category, the neural shift of
attention to the target was faster and of greater magnitude,
although the rewarded objects were not relevant for correct
task performance. These results suggest that reward associa-
tions of complex objects can rapidly modulate attentional allo-
cation to a target. ■

INTRODUCTION

In any visual scene where multiple objects are present,
some objects tend to be particularly effective at captur-
ing and holding attention. Objects are likely to receive
attentional priority if they contain bottom–up properties
that are of high salience (Theeuwes, 2010; Yantis &
Jonides, 1984) or if they contain features that have been
associated with reward to an individual, eliciting value-
driven capture (Field & Cox, 2008). To an automobile
enthusiast, for example, a new sports car may be the
most salient object in a parking lot, or an addiction-
related object in the environment may be particularly
salient to an addict, in both cases capturing attention in
a reward-related manner. Objects that contain a reward-
ing property must first be identified as such (e.g., as a
new sports car, a chic item of clothing, a cigarette) to
capture attention; however, it is unclear how attentional
capture by such complex objects is accomplished and
at what stage of processing a reward association with
an object might modulate attentional capture. In other
words, at what level of neural processing of visual stimuli
are reward-associated objects given attentional priority?
One robust neural measure of the allocation of visual

attention to a particular stimulus in a scene is the N2pc

electrophysiological component. This ERP wave (and its
magnetoencephalographic [MEG] counterpart) peaks
around 250 msec after stimulus onset and reflects the
shift of attention to a target in a visual search display
(Hopf et al., 2000; Eimer, 1996; Luck & Hillyard, 1994b).
Specifically, this component emerges as a negative
polarity wave that is greater contralateral to the target to
which attention is shifted, relative to the ipilateral non-
target side (Luck & Hillyard, 1994b), the activity of which
originates—aside from a small parietal contribution—
mainly from source activity in occipital–temporal cortex
(Hopf et al., 2000). Much evidence for the N2pc reflecting
a shift in processing has involved target items in an array
that are defined by low-level feature singletons such as
color or orientation (Woodman & Luck, 1999; Girelli &
Luck, 1997; Luck & Hillyard, 1994a), enabling this compo-
nent to be very successfully and widely used as a marker
for the shift or focusing of attention within a visual scene
(Woodman & Luck, 2003). More recently, there has been
some preliminary evidence to suggest that simple objects
can also capture attention in a similar manner to feature
singletons. In particular, Wu and colleagues (2013) used
letters, numbers, and Chinese characters as stimuli, and
they observed that, when participants were searching
for an object that fell within a category rather than for a
particular item or feature, the N2pc was delayed but still
present. This suggests that, when stimuli are more com-
plex and there is not one specific defining feature to
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search for, the focusing of attention toward the target
can occur but is somewhat delayed (and/or is perhaps
temporally more variable), implying that objects do not
have as much power to capture attention as a color pop-
out does.

In addition to it being a marker for attentional orient-
ing, the N2pc is also modulated by reward, with an ear-
lier onset and larger magnitude for reward-associated
color targets (Kiss, Driver, & Eimer, 2009). Specifically,
in a task in which participants were asked to shift atten-
tion to a color pop-out in a display; if that color hap-
pened to be associated with a high reward, the onset
of the N2pc occurred earlier in time and was larger, sug-
gesting that attention was shifted more quickly and/or
more strongly to a reward-associated stimulus. Addi-
tionally, MEG and EEG evidence has suggested that a
reward-associated color can attract attention without
being a target-defining feature when presented as a dis-
tractor in a search display (Buschschulte et al., 2014;
Hickey, Chelazzi, & Theeuwes, 2010). Thus, reward as-
sociations with specific item colors can modulate the
orienting and allocation of attention to those items in
the environment.

More generally, when a monetary reward is associated
with a task, the reward-related aspect has been shown to
strongly bias attention toward a spatial location or a
feature (see Chelazzi, Perlato, Santandrea, & Della Libera,
2013, for a review). If participants are more likely to re-
ceive a monetary reward for detecting targets at a cer-
tain location, when targets are subsequently presented
(without any prospect of reward) at that location, par-
ticipants show an attentional bias toward that previously
highly rewarded spatial location, suggesting that reward
has modulated a spatial priority map of the visual field
(Chelazzi et al., 2014) or that attention had been primed
to the rewarded location (Hickey, Chelazzi, & Theeuwes,
2014). Other work has suggested that participants can
strongly bias their spatial attention in cueing paradigms,
if the prospect of a high reward is present (e.g., Small
et al., 2005). Many other experiments have examined
the effect of reward on attentional processing by binding
it to a particular feature (e.g., color). More specifically,
when a value is associated with a color, this can increase
activity in visual cortices to that color (Serences, 2008), it
can speed up and/or enhance the processing of that
color (Hopf et al., 2015; Kiss et al., 2009), and it can
ramify behaviorally on subsequent trials where the pres-
ence of a previously rewarded color serves to distract
participants from the current task at hand (Hickey &
van Zoest, 2012; Anderson, Laurent, & Yantis, 2011a,
2011b; Hickey et al., 2010). Together, these findings sug-
gest that reward can guide (or misguide) attention to a
particular location or feature, giving attentional priority
to features or locations that are associated with that reward.

Until very recently, the vast majority of studies on the
effects of reward associations have linked reward to
a simple feature such as color where these reward asso-

ciations can easily be made (e.g., Anderson & Yantis,
2011b). Color, however, is a fairly elementary feature,
with color pop-outs being known to capture attention ef-
fectively, presumably because color is coded comparably
early in the visual processing stream (Zeki et al., 1991;
Desimone, Schein, Moran, & Ungerleider, 1985). More
complex objects that contain many features, on the other
hand, have distinguishing characteristics that are proc-
essed and extracted at a higher level in the visual stream
than color or orientation (Haxby et al., 2001) and, there-
fore, may not be able to trigger the same rapid, reward-
based shift in the capture of attention, given that one
would presumably first need to be able to identify the
item for attention to be captured by it. Nevertheless, given
the behavioral evidence for the capture of attention by
rewarding objects (e.g.,Ehrman et al., 2002; Townshend
& Duka, 2001), it is possible that enough information
about the content of the object could be available early
enough (e.g., by 200 msec) to be able to modulate the
N2pc. Recently, Hickey, Kaiser, and Peelen (2015) dem-
onstrated in a behavioral study that reward could be asso-
ciated with a specific type of object (e.g., a person), and if
an object from this category (e.g., human beings) were
present on a following trial, its presence could distract
the participant from the task at hand, causing a slowing
down in RTs. Although the stimuli used in this experiment
varied, all stimuli could have been identified by the pres-
ence of specific features (e.g., a face, limbs), and therefore
the categorical association of reward-related effects is still
somewhat unknown for categories in which specific fea-
tures do not clearly define all objects in a category (e.g.,
furniture).
To determine if and how reward-associated object

categories can capture attention, we conducted a reward-
association visual search experiment while recording
MEG measures of brain activity. We specifically sought
to determine whether reward associations for objects
might modulate the N2pc in either latency or ampli-
tude, as this would imply that such reward associations
were modulating both the rapidity of the attentional
shift and the amount of attention allocated to a partic-
ular object in the environment at a specific moment in
time. To elicit a strong N2pc, we had participants search
for a colored square, where this square could have em-
bedded in it an object from a rewarded category (e.g.,
clothing) or non-rewarded category (e.g., furniture). On
the opposite side of the visual field (i.e., the distractor
side), there was another colored square that could also
either contain an object associated with a reward or
an object from a non-rewarded category. Such a design
allowed us to distinguish between attention to reward
and attention to the processing of the target, as these
types of attention are often conflated in studies of re-
ward, although they may be operating as different pro-
cesses (Maunsell, 2004). We predicted that the presence
of a reward-associated item in the target position would
result in a more rapid and larger N2pc to that target and
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that the presence of a reward-associated item in a dis-
tractor position would result in a delayed and smaller
N2pc to the target on the other side.

METHODS

Participants

Twenty-four healthy, right-handed, paid volunteers
participated in this experiment (mean age = 26.5 years,
13 women). Four additional participants were excluded
from analysis (one because of poor behavioral perfor-
mance [<65% correct], two because of excessive eye
movements [moving eyes on the majority of the trials],
and one because of excessive physiological noise [blinks
or other movement artifacts on >35% of trials]). Partici-
pants were compensated for their time at a rate of A6
per hour and were additionally rewarded at a rate of
A0.025 per correct response (up toA20 total per session;
mean total winnings = A17.94, SD = 0.98). All methods
and procedures were approved by the ethics board of
the Otto-von-Guericke University of Magdeburg.

Stimuli

Each trial began with the presentation of two colored
squares, each containing an image of an object, while
participants fixated a central fixation cross (see Figure 1).
The squares were located below the horizontal meridian
in the left and right lower quadrants, each subtending
3.3° × 3.3° of visual angle. The most central corner of
each the square was 1.72° below fixation and 2.64° to
the left or right of fixation. One color of square was

always the target (i.e., to be attended) color (e.g., cyan),
and the other color was always the distractor (e.g.,
yellow) for a given participant. Both the target and dis-
tractor squares had corners cut from them that could
either be diagonal from each other or on the same side
of the square. These cuts subtended 0.77° × 0.77° of
visual angle and occurred equally and randomly at all
corners within each square. The stimuli were projected
onto a screen that was placed 100 cm away from the eyes
of each participant in the MEG recording chamber.

Four different categories of objects were used across
the experiment (tools, clothing, food, and furniture).
Each participant was randomly assigned two of the four
categories, one of which was randomly assigned to be the
rewarded category for that participant. Every object cate-
gory contained 40 different images of objects within that
category, and each image was originally gray scale on a
white background before its colorization by the super-
position of a colored square.

Trial Types

Because the rewarded object category could be com-
bined with a target, with a distractor, with both a target
and a distractor, or could be not present (i.e., both
squares containing items from the non-rewarded object
category), there were four different primary trial types in
the experiment. These types had the stimulus pairs of
targR_distNR, targR_distR, targNR_distR, and targNR_distNR
(abbreviations: targ = target, dist = distractor, R = reward,
and NR = no reward). Each of these respective trial
types could have the target presented on the left or right,

Figure 1. (A) Example stimulus configuration. Each trial consisted of two bilaterally presented squares, one in the target color and the other
in the distractor color. Every square contained an object, and the object could be from the rewarded category or the non-rewarded category.
(B) Trial structure and sequence. Each trial began with the pair of stimuli presented for 500 msec. The participants’ task was to shift attention to
the target color square (e.g., cyan) to determine if the corners that were missing from that square were diagonal from each other or on the same side.
Feedback was presented 700 msec after stimulus offset, informing participants if they had been correct and if they had won extra money for
that trial. Only on trials in which the target color contained an object from the rewarded category (e.g., a piece of clothing) could the participant
earn extra money for a correct response.
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which could thus give rise to a total of eight different
possible stimulus combinations. Trials in which the target
contained the rewarded item could earn the participant
an additional 0.025 Euros per correct response if the
response (i.e., the cut-corner discrimination) was made be-
tween 200 and 1000 msec after the onset of the stimulus.

Procedure

Before the experiment, each participant completed a
flicker-fusion task with the two colors (cyan and yellow)
that were used in the experiment. This served to equate
the luminance of the target and distractor stimuli for each
individual, such that the only difference between them
was their respective colors. Additionally, participants
were shown ahead of time all 40 objects that they would
see in their respective rewarded and non-rewarded cate-
gories to ensure that they could identify all items as a
member of a given category.

After a short practice of the task, participants were pre-
sented with 10 blocks of trials, each block approximately
5 min in duration. Each trial began with the presentation
of the bilateral stimulus configuration that remained on
the screen for 500 msec. Participants were instructed to
shift their covert attention to the square having the des-
ignated target color while maintaining central fixation.
Once they had shifted their attention to the respective
color, they needed to determine whether its corner cuts
were on a diagonal or on the same side of the square and
to respond accordingly via button press within 1 sec.
After the stimuli disappeared, the fixation cross remained
on the screen for 700 msec, after which feedback was
presented. If answered correctly, participants were told
either that they were correct and had earned A0.025
(“Correct + 0.025”) for that trial if a rewarded category
object was embedded within the target or just that
they were correct (but without the +A0.025) if a non-
rewarded category object was embedded within the
target. For incorrect trials, participants were told that
they were incorrect or too slow to respond, and if the
trial had been one in which they could have earned a
reward, “+0” was added to the feedback. The feedback
was presented for 450 msec, following which the fixation
cross remained on the screen for an average of 300 msec
( jittered 200–400 msec), giving a total SOA of 650–850
from feedback stimulus onset to the start of the next trial.
At the end of each 5-min block, participants were shown
the total amount they had earned during that block.

Each condition and left/right configuration (e.g., targR
(left)_distNR(right)) was presented a total of 196 times
across the entire experiment. The order of the trials
was randomized, as were the positions of the cut corners
for the target and distractor stimuli. Additionally, the
attended color and the categories of objects were ran-
domized and counterbalanced across participants. Because
the objects used in the current experiment were images
of real objects, which varied in their low-level physical

properties, the between-subject counterbalancing served
to fully equate for these differences. Additionally, as there
were 40 different tokens within each object category, this
variety helped to negate any particular low-level feature
that could be serving as a categorical identifier.

MEG Recording

Continuous MEG data were recorded using a 248-channel,
BTI Magnes, whole-head, axiel-gradiometer magneto-
meter system (4-D Neuroimaging Magnes WH 3600, San
Diego, CA). The data were sampled at 254 Hz and filtered
online at a low-pass filter of DC to 50 Hz. In addition,
environmental magnetic noise was cancelled online based
on eight remote reference sensors (see Robinson, 1989,
for details). For each participant, the head position was
spatially registered (3Space Fastrak System, Polhemus,
Colchester, VT) relative to the sensor array by digitizing
specific skull landmarks (e.g., nasion, preauricular points),
as well as five localizer coils that were attached to the head.
Throughout recording, the position of the participants as
well as their fixation was also monitored through a closed-
circuit video camera, and participants were given verbal
feedback on their ability to maintain fixation and head
position. Although no eye-tracking data could be recorded,
the video feed was monitored by two experimenters to
ensure that the participants were maintaining fixation.
With the exception of the two participants whose data
were omitted from the study because they were ob-
served to not be maintaining good fixation, all partici-
pants were able to maintain fixation quite well.

Data Analysis

Behavior

Only trials in which a behavioral response was given within
1 sec of stimulus onset were considered for analysis. The
accuracy and RT (correct trials only) for each participant
were submitted to a 2 × 2 repeated-measures ANOVA
with the factor of Target rewarded (yes/no) and Distractor
rewarded (yes/no). The statistical results were corrected
for nonsphericity using the Greenhouse–Geisser correc-
tion method, and the observed main effects were followed
up with specific planned comparisons. All results were
considered significant at an alpha of 0.05, unless other-
wise specified.

MEG

Offline, the MEG data were processed with a denoising
algorithm that eliminates slow drift in the data. For each
participant, trials containing artifacts (e.g., eye blinks, eye
movements, excessive physiological noise) were ex-
cluded from analysis. The artifacts were rejected based
on a peak-to-peak threshold that was adjusted for each
individual (mean rejection threshold = 2.5 pT) and
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then applied blindly by computer algorithm. On aver-
age, 12% of trials (with correct responses) were rejected
across participants because of such criteria. For each
participant, event-related magnetic field (ERMF) aver-
ages time-locked to the onset of the targets were obtained
for each trial type, using only trials for which a correct
response occurred. A baseline period of 100 msec before
stimulus onset was used prior to all statistical comparisons
and plots.

Repositioning

To account for differences in the head positions of the
participants, the sensor array from each individual was
computationally repositioned to a reference sensor set.
The reference sensor set, representing the most cano-
nical sensor positions with respect to three key anatom-
ical landmarks (left preauricular, right preauricular, and
nasion) had been derived from 1500 prior recording ses-
sions. The first step in the repositioning entailed the
computation of a single lead field for each participant
based on the anatomical data from the Montreal Neuro-
logical Institute (MNI) brain. This resulted in a source
space representation (based on the minimum norm least
squares algorithm) on the MNI surface. Then, the sensor-
space data from each participant were then reconstructed
using the inverted lead field of the reference sensor set.
This brought the data from each participant into a stan-
dard (i.e., coregistered) sensor space that was as if it
would have been measured with the sensor reference set.

Source Modeling

Source localization of the grand-averaged ERMF responses
was performed with Curry (Version 6, Compumedics
Neuroscan USA Ltd., Charlotte, NC) through the minimum-
norm least-squares algorithm (L2 norm). Source esti-
mates were anatomically constrained by the 3-D surface
models (Boundary Element Models; Fuchs, Drenckhahn,
Wischmann, & Wagner, 1998) of the source compartment
(cortical gray-to-white matter border) and the volume con-
ductor compartment (cerebrospinal fluid space) of the
MNI brain.

N2pc Extraction and Statistical Analysis

The N2pc was extracted by taking the ERMF to targets
that appeared on the left and subtracting the neural re-
sponse to targets that appeared on the right. Such a sub-
traction eliminates the sensory-evoked response (as the
display always had bilateral stimulus presentation), iso-
lating the attentional shift-related activity (i.e., the N2pc).
Although this subtraction is slightly different from an
the extraction of the N2pc for EEG data, wherein activity
would be examined as a function of contralateral minus
ipsilateral activity, collapsed across targets on both sides,
the MEG analogue has been well documented as produc-

ing very similar effects, butwithhigher spatial resolution (see
Hopf et al., 2000, for initial confirmation; see Boehler,
Tsotsos, Schoenfeld, Heinze, & Hopf, 2011; Finker et al.,
2010; Hopf, Boelmans, Schoenfeld, Heinze, & Luck,
2002, for further evidence). This subtraction was run
independently for each reward-related condition (e.g.,
targR_distR) for each participant. The specific sensors of
interest were chosen by examining the maximal time point
of activity for the N2pc collapsed across the conditions
(∼275 msec) and finding those sensors that covered
the corresponding influx/efflux extrema. This resulted
in four sensors (one left efflux, one left influx, one right
influx, one right efflux), the data from which were then
rectified so that the influx/efflux had the same polarity
and then collapsed across left and right sensors for statis-
tical comparisons and display purposes. The mean ampli-
tude at each sensor for each condition was then extracted
and statistically compared across conditions (described
in Results).

The onset of the N2pc activity for each condition was
determined by a running window t test (window width of
three time samples = 11.8 msec) on consecutive time
samples between 150 and 250 msec poststimulus onset.
For each condition (e.g., targR_distNR), the original
waveforms (i.e., targR(left)_distNR(right)) were com-
pared with the targR(right)_distNR(left) to determine
when in time these conditions (essentially target left
minus target right) started to significantly differ. The on-
set latencies are reported as the first of multiple consec-
utive time points (3 or more) where these two conditions
significantly differed from each other after correcting for
multiple comparisons. To correct for multiple compari-
sons, the participant’s statistically tested data were run
through an eigenvalue decomposition to determine the
amount of autocorrelation in the data. Specifically, the
number of independent variance components that were
present over time was determined, and this value was
used for correction (see Bartsch et al., 2015; Guthrie &
Buchwald, 1991). More specifically, this resulted in three
components that had an eigenvalue greater than 1, and
this number was applied to the p values using the
Bonferroni correction method, such that the new alpha
level was 0.017. Of note, the onset values were the same
if a jackknife procedure (Miller, Patterson, & Ulrich,
1998) was used in conjunction with the running t tests.

RESULTS

Behavior

As seen in Figure 2, participants were highly accurate
across all trial types, with no main effects on error rate
of either the Target being rewarded (F < 1) or the Dis-
tractor being rewarded (F < 1). Additionally, there was
no interaction between the Target being rewarded and
the Distractor being rewarded on the accuracy data ( p >
.1). RTs, however, were significantly modulated by the
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presence of a reward in the distractor, F(1, 23) = 12.35,
p = .002, ηp

2 = 0.35, with slower RTs present when re-
ward was present in the distractor as compared with
when it was absent from the distractor. No significant
main effect of the presence/absence of reward in the
target on the RTs was observed, nor any interaction
between the reward being present/absent in the target
and present/absent in the distractor (all ps > .1). Thus,
although the presence of a rewarding stimulus did not
significantly modulate accuracy, participants were sig-
nificantly slowed down by its presence when it was asso-
ciated with the distractor.

MEG

N2pc

Across all conditions, there was a clear electrophysio-
logical marker of a shift of attention to the target, as re-
flected in the ERMF of the N2pc (Figure 3). The presence
of the N2pc was confirmed through a two-way repeated-
measures ANOVA with the factors Target side (left/right)
and Sensor location (influx/efflux), collapsed across re-
ward condition, tested from 175 to 325 msec. This re-
vealed a significant Target × Sensor location interaction,
F(1, 23) = 74.92, p < .001, ηp

2 = 0.77, confirming the
presence of the N2pc. To directly assess the effect of the
reward conditions on the extracted N2pc waveforms, a
2 × 2 repeated-measures ANOVA with the factors of
Target reward (reward, no reward) and Distractor reward
(rewarded, no reward) was run in a time window (175–
325 msec) that optimally captured the peak and duration
of the N2pc across all conditions. This analysis yielded a
significant main effect of Target reward, F(1, 23) =
15.57, p = .001, ηp

2 = 0.40, with the amplitude of the
N2pc to the target being larger when the target had a
rewarded item, and a main effect of Distractor reward,
F(1, 23) = 9.13, p = .006, ηp

2 = 0.28, with the amplitude
of the N2pc to the target being smaller when the distractor
had a rewarded item. The relative influence of reward is
illustrated in Figure 3C where each of the conditions is
compared with when no reward was present at all. As

can be seen, having a reward present in both the target
and distractor separately influenced the shift of attention,
as statistically confirmed in the main effects described
above. No significant interaction between these factors
was observed (F < 1).
As can be seen in Figure 3, the N2pc appears to start

earlier when the target was rewarded and the distractor
had no reward associated with it. This was statistically
confirmed with the onset of the N2pc for this condition
(targR_distNR) occurring at 168 msec, with the other
three conditions showing onsets at 180msec (targR_distR),
180 msec (targNR_distNR), and 183 msec (targNR_distR).
Together, these data suggest that when a rewarding stim-
ulus is embedded in the target and not present in the dis-
tractor, attention is shifted to the target more rapidly and
more strongly.
The source modeling and source waveforms (Figure 4)

suggest that the N2pc was originating from similar bi-
lateral temporal-occipital locations, regardless of reward
condition. The source activity waveforms (Figure 4B)
show a similar pattern to the waveforms obtained at
the sensor level (Figure 3), with the N2pc to the target
being largest and earliest when a reward is combined
with the target but absent in the distractor.

Reward

Another way to examine the shift of attention to a reward-
associated object is to extract the N2pc reflecting the
shift of attention to the reward specifically, regardless of
which side the target was on. Thus, we collapsed condi-
tions to extract the N2pc, for when a reward-associated
object was on the left versus when it was on the right
(leftRew vs. rightRew), the derivation of which is described
below and shown in Figure 5A. Specifically, we combined
the trials of targR(left)_distNR(right) with the trials of distR
(left)_targNR(right), thereby creating a R(left)_NR(right)
condition where the activity was collapsed across targets
and distractors. We then averaged targNR(left)_distR(right)
with distNR(left)_targR(right), such that we ended up with
the reward being present on the right side and no reward

Figure 2. (A) Accuracy. Participants were highly accurate for all trial types, with no significant differences between conditions. (B) RT.
Participants were slowest to respond when a reward was present in the distractor, as compared with when a reward was absent from the
distractor. Error bars represent the SEM.
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Figure 3. (A) Extraction of the
magnetic N2pc. The waveforms
for one condition (when the
target contained a reward
object and when the distractor
contained a non-rewarded
object) are shown. The
waveforms for sensors on the
left and right (top) were first
combined (bottom), and then
the difference wave that is
the N2pc was extracted by
subtracting the activity for when
the target appeared on the right
from that when the target
appeared on the left. Here
and in all of the traces below,
each tick mark represents
100 msec of time. (B) N2pc.
Traces for extracted ERMF
N2pc responses as a function
of condition, collapsed over
left and right hemifield effects.
When the target was rewarded
and the distractor had no
reward, the biggest and earliest
N2pc was elicited, suggesting
that the presence of a rewarded
object enhanced the attentional
shift to and focusing on the
target. (C) N2pc difference
waves. The traces represent the
N2pc for each of the respective
conditions minus the N2pc for
the targNR_distNR condition
(no reward present for target or
distractor). When the reward
was present in the target and
not in the distractor, the N2pc
to the target was enhanced
(earlier onset and larger), as
compared with when no reward
was present. When reward was
present in both the target and
the distractor, the N2pc to the
target was present but reduced
and occurred later, as compared
with when no reward was
present. Lastly, when the
reward was present in the
distractor and not in the target,
the N2pc with respect to
the target was inverted, as
compared with when no reward
was present in the display,
suggesting an attentional
draw to the distractor
stimulus. (D) N2pc field
maps. The various conditions
elicited N2pcs with highly
similar distributions.
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on the left (NR(left)_R(right)). We then took the difference
between these two averages of R(left)_NR(right) minus NR
(left)_R(right). Of note, this is analogous to the way the
initial N2pc had been extracted, except that instead of
the comparison being between when the target was on
the left versus right side, it was now between when the re-
ward was on the left versus right side. As seen in Figure 5,
this elicited activity similar to the N2pc previously observed
for the targets, albeit smaller in magnitude. Statistically,
these conditions were significantly different in the same
time period and sites as the N2pc above (175–325 msec;
F(1, 23) = 19.62, p < .001). The statistical onset of the
N2pc to rewarded items, as determined by the moving
window t tests, occurred somewhat later than the onset
of the N2pc to the target items, beginning at 214 msec
(as compared with 168–183 msec, as reported above).

DISCUSSION

In this study, we examined how a monetary reward that
was associated with a category of objects could modulate
the latency and magnitude of the shift of attention to a
target, as reflected by neural activity measures sensitive
to attentional shifts. To this end, participants searched
for a colored square (cyan or yellow) and performed a
discrimination task concerning the corners of the square.
Both the target stimulus and the distractor stimulus had
embedded objects, and these objects could be from
either a rewarded or non-rewarded category. We ob-
served that when an object of a rewarded category was
present within the target stimulus the shift of attention
to the color target, as reflected in the N2pc, occurred
with a larger magnitude as compared with when a non-
rewarded-category object was present in the target stimu-
lus. Furthermore, in the case of the rewarded object being
present in the target and not in the distractor, the shift of
attention also occurred more rapidly. Finally, when the
reward-associated object was present in the distractor
stimulus, the N2pc to the target was smaller as compared
with when the reward-associated object was absent from
the distractor. Such reward-based attentional capture has
been shown for colors (Kiss et al., 2009), but here we dem-
onstrate that complex objects that signal a rewarding value
can serve to capture attention in a similar manner, both
by enhancing attention to a target and by distracting
attention away from the target, depending on the loca-
tion of the reward-associated object.
Although participants were not instructed to shift their

attention to the rewarded item and the presence of a re-
warded item was manipulated in such a way that it was
equiprobable on the target or distractor side, the shift
of attention to the target was still substantially modulated
by the presence of this rewarding object. Importantly,
the rewarded object was not relevant for correct task per-
formance, and thus, the shift of attention to the target
could be examined as a function of where the rewarded
object occurred. To enable assessment of this possible

Figure 4. (A) Estimated sources of the N2pc. For all conditions, the
source distribution (current source density) shows a bilateral set of
current sources for the N2pc in the ventral–occipital–temporal regions,
from approximately 200 to 300 msec (encompassing the peak of the
N2pc). Blue dots represent the local maxima for which the source
waveforms are plotted in B below. (B) Source waveforms. The
estimated source waveforms are displayed separately for left (top) and
right (bottom) hemisphere sources. Although both the left and right
hemispheres show the same general pattern for the N2pc, the target
reward-related differences are more apparent in the source waveforms
for the left hemisphere.
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reward-related modulation, we used the color target as
a “carrier” for the shift of attention, thereby preventing
participants from having to explicitly shift their attention
to objects of specific category (and thus to the rewarding
object). Although it is possible to shift attention to ob-
jects, the N2pc is substantially reduced when participants
shift attention to a category of objects instead of to a
specific item (Wu et al., 2013). Such a decreased N2pc
would potentially make modulations of the N2pc by re-
ward much smaller and more difficult to observe. By
using color as a carrier for the shift of attention, we were
able to elicit a robust N2pc, as has been shown in previ-
ous studies (e.g., Hopf, Boelmans, Schoenfeld, Luck, &
Heinze, 2004; Woodman & Luck, 1999), and then to eval-
uate its modulation by object-related reward associations.
Furthermore, these findings also confirm reports that
attentional selection can be modulated by reward, even
when the reward is not relevant for correct task perfor-
mance (e.g., Buschschulte et al., 2014; Libera & Chelazzi,
2006, 2009).

The rapidity with which attention was shifted to the
rewarded object (when it was present in the target and
absent on the side of the distractor) was somewhat sur-
prising, as it sped up the N2pc’s onset to a relatively early
latency (∼166 msec). The presence of only two objects in
the display as compared with arrays used in more com-
plex visual search tasks likely aided in the rapidity with
which attention could be shifted to the target; never-
theless, the presence of a rewarded item in the target
side alone accelerated the neural reflection of this atten-
tional shift by approximately 15 msec. That is, by the time
of this accelerated N2pc onset, it would seem that the
objects must have been identified as members of a par-
ticular category (the designated reward-associated one)
in order for attention to be shifted more rapidly and
strongly to that direction. This task was made more diffi-
cult by the fact that there were many different objects
within a given category, so participants could not just
attend for a specific token of “a chair” or “a shirt,” and
therefore, they could not make a specific a priori sensory

Figure 5. Reward-related N2pc. (A) The displayed MEG waveforms were used to derive the reward-related N2pc. Specifically, the conditions in
which the reward-related object appeared on the left (and the non-reward-related object appeared on the right) were collapsed (shown in blue on
the top left). Likewise, the conditions in which the reward-related object appeared on the right (and the non-reward-related object appeared on
the left) were collapsed (shown in blue on the top right). The waveforms obtained after averaging (shown in green) were then subtracted such that
the reward on the right side was subtracted from the reward on the left (analogous to the target on the left side minus target on the right side
subtractions for the N2pc). Of note, the waveforms displayed have been collapsed across influx/efflux and left and right sensors. (B) The reward-
related difference wave obtained from subtracting the traces shown in A. The trace is the N2pc activity on the scalp, extracted for when there
was a rewarded category object on one side and a non-rewarded-category object on the other (from A), collapsed across the reward being with
a target or being with a distractor and collapsed across left and right sensors. This reward-related N2pc, collapsed across which side the target
and the distractor were on, peaked at around 250 msec. (C) Field map of the reward-related N2pc at 250 msec. (D) Source estimate (current source
density) for the reward-related N2pc from 200 to 300 msec. Blue and green dots show local maxima, from which the source waveforms in E were
extracted. (E) Extracted source waveforms separated by hemisphere showing the N2pc to rewarded items.
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template for which to attend. Given that previous work
has only found a weak N2pc to object categories (Wu
et al., 2013), it was not entirely clear that sufficient ca-
tegorical information of an object could be extracted
quickly enough to modulate the shift of attention to a
color. Nevertheless, object-category dissociations have
been reported to occur neurally as early as by ∼100 msec,
(Liu, Agam, Madsen, & Kreiman, 2009) or shortly there-
after (Kirchner & Thorpe, 2006; VanRullen & Thorpe,
2001; Thorpe, Fize, & Marlot, 1996), suggesting that
there could be enough time to distinguish between cat-
egories by the onset of the N2pc. (However, see work on
the N170 as a more robust marker of object category dis-
tinction that occurs later in time [e.g., Bentin, Allison,
Puce, Perez, & McCarthy, 1996] and work by Evans and
Treisman [2005], suggesting that rapid identification of
objects is driven by differences in low-level features).

An alternate interpretation of these results would be
that the N2pc does not reflect the spatial shift of atten-
tion here, but rather the processing of specific features
before the actual target selection (Woodman, Arita, &
Luck, 2009; Kiss, Van Velzen, & Eimer, 2008). In the study
by Kiss and colleagues (2008), when participants had
already shifted attention to the side on which the target
could appear, an N2pc to this target was still present. If
this effect were present in the current data, then one
could imagine that attention had been already shifted
to the color target, and the N2pc effect could have been
the result of the processing of the reward-related object
once attention were already present. That is, having the
reward present there might both boost the representa-
tion of the target while also potentially increasing inter-
ference by drawing attention away from the corner task.
Whether this was a more rapid attentional shift versus a
boost in processing resources once attention was already
present is not determinable from the current data; never-
theless, the reward-associated objects received rapid,
enhanced processing, demonstrating the ability of object
categories to capture attention.

Not only was attention captured by the presence of a
reward-associated object in the target stimulus, it was
also captured by the presence of a reward-associated
object in the distractor. The capture of attention by dis-
tracting stimuli can be reflected in the N2pc, as has been
demonstrated for non-reward-related contexts (Hickey,
McDonald, & Theeuwes, 2006), and the present data
help to confirm this capture of attention by the distractor
with a rewarded object embedded. It could be the case,
however, that, although attention may have initially been
captured by the distractor, such attentional capture may
have also been later suppressed (Sawaki & Luck, 2010).
That is, it is possible that having the reward associated
with the distractor may have induced some PD activity,
a neural positivity that has been associated with such
distractor suppression (Hickey, Di Lollo, & McDonald,
2009), rather than just a shift-related N2pc. The present
data cannot distinguish between these two possibilities,

although this could be one of the factors that contributed
to the results.
This attentional capture by a distractor of the re-

warded object category in this study also supports of
previous studies that have found costs when a color
that has been associated with a reward is associated with
a non-target item in a display. Specifically, Hickey and
colleagues (2010) observed an N2pc to a distractor
stimulus that contained a color that had been associated
with a reward. Moreover, several studies have shown
that when a reward has been associated with a color, if
that color is subsequently present in a display, it will still
capture attention even though it is no longer associated
with a reward, and such capture can lead to behavioral costs
such as slowed RTs (e.g., Chelazzi et al., 2013; Anderson
et al., 2011a, 2011b). More recent work has demonstrated
that when a reward is associated with a complex object
(e.g., a person or car or tree), there are behavioral costs if
such an object is present on a subsequent trial (Hickey
et al., 2015). Here, we expand such findings with the use
of highly diverse object categories, where a single token
representation would not help with the rapid classifi-
cation of an object as a categorical member. Our find-
ings therefore expand upon how reward-related capture
of attention can occur in visual search with complex, re-
alistic items that are physically quite variable.
The present findings provide clear neural evidence

that reward-associated objects, when present in a target,
can speed up and enhance the attentional selection of
that target. It is of note, however, that behaviorally we
did not observe faster RTs or increased accuracy under
these circumstances, indicating that this rapid initial shift
of attention toward the rewarded item did not result in a
net speed-up of the full cascade of processing that led
ultimately to a faster behavioral response. However,
there are other facets in the processing further down-
stream that occur between the attentional selection re-
flected by the N2pc and the ultimate behavioral RT
(e.g., identification/discrimination and response pre-
paration/execution). Accordingly, the more rapid pres-
ence of attention on the item would not necessarily
mean that there would be a lock-step correspondence
in the RT several hundred milliseconds later, indicating
that these later facets of the processing required to per-
form this task were more complex and somewhat inde-
pendent from the initial shift/focusing of attention. The
lack of an effect on the RT, however, does not negate
the neural data, which show a robust N2pc to the target
containing the reward-associated item. Whether the
N2pc reflects the shift of attention to the target or tar-
get-specific processing once attention was there, the
fact that this component was both larger and earlier in
the present data suggests that attention (i.e., the allo-
cation of additional neural resources) was present at
the reward-associated item earlier and more robustly.
The behavioral results may seem somewhat surprising

given that other tasks in which the reward representation
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(e.g., color) and the task at hand (e.g., an orientation
discrimination) were decoupled have demonstrated that
the presence of the reward produced a faster attentional
shift to that object and tended to ramify to a more rapid
behavioral discrimination of the target (e.g., Kiss et al.,
2009). An important distinction between these findings
and the current ones, however, is the nature of the stim-
uli used. First, in the case of the experiment by Kiss and
colleagues (2009), the rewarded item was always coupled
with the target, which was not always the case in the cur-
rent study. Furthermore, when reward is associated with
a color as it was in the paradigm of Kiss and colleagues
(2009), this information can be efficiently processed,
leaving resources over to simultaneously do the dis-
crimination task at that location. Here, as the reward
was associated with a complex object, discrimination of
the smaller details of various features that comprise that
object may take up more resources to process. Moreover,
the rewarded items here were always located in the center
of each image square, whereas the target discrimination
processing was directed toward the outer edges of the
squares. Thus, the pull of attention inward toward that
rewarded item in the square may have tended to delay
the RTs relative to when there was no reward present. It
is conceivable that the reward-associated objects acted
in such a manner as to shift attention more rapidly or
strongly toward the target color, in a more broad manner,
and after attention was shifted toward the target item, it
was relatively more focused on the object itself rather
than on the outer edges of the task, which may have
tended to slow up the ultimate RT somewhat. Such a no-
tion would be consistent with the findings of Buschschulte
et al. (2014), who also had slower RTs on rewarded rela-
tive to unrewarded trials. In their design, as here, the
rewarded portion of the display could serve as a distrac-
tor to capture attention away from the location of the
task at hand. Of note, the RTs were slower here when
the rewarded item was present in the distractor, suggest-
ing that in this case the rewarded object did pull atten-
tion away from the task at hand, which is in line with
previous findings (e.g., Hickey et al., 2010).
The shift of attention has been shown to go from a

more broad to a more narrow focus in a visual search task
(Hopf et al., 2006). In our current data, there may be a
slight hint of two separate processes of attentional focus-
ing as it appears that the N2pc was composed of two
peaks (an earlier smaller one and a later stronger and
broader one; see Figure 3). The early peak of the N2pc
may reflect the broad rapid reward-mediated shift of at-
tention to the target color, where as the later peak may
reflect the focus on the rewarded object itself, within the
target, rather than on the discrimination task at hand.
Consequently, the presence of reward in the target may
have both attracted attention initially to the correct loca-
tion and then later attracted attention further, hurting
task performance by taking attention away from the cor-
ner task. Such a capture of attention by rewarded items in a

way that can hurt performance has been observed in stud-
ies of stimulus conflict processing, where the association
of reward with an irrelevant and conflicting part of a stim-
ulus can lead to slower RTs to the target (Krebs, Boehler,
Egner, & Woldorff, 2011;Krebs, Boehler, & Woldorff,
2010). Thus, our results support the idea that reward can
not only initially capture attention to an appropriate target
location but can also subsequently distract attention from
the task at hand if it is not directly relevant for the task.

The results of the source modeling suggested that, in
all cases, the shift of attention indexed by the N2pc was
arising from the inferior occipital–temporal cortex. This is
similar to that which has been observed in other MEG stud-
ies (Boehler et al., 2011; Hopf et al., 2000). This source
appeared to be weakest under the condition where the re-
warded object was embedded in the distractor position
and the strongest when it was in the target. Furthermore,
the sources of the shift of attention to the rewarded item
alone (when collapsed across target and distractor pro-
cessing; Figure 4) had a similar source distribution as the
N2pcs elicited to the target stimuli, suggesting that reward
was operating to capture attention in a way similar to the
shift of attention to a target, albeit at a smaller magnitude.

In summary, we provide evidence that objects with
non-overlapping simple sensory features that are mem-
bers of a reward-related category can modulate the shift
of attention to a color target, as reflected by the earlier
latency and enhanced magnitude of the corresponding
attention-shifting-sensitive N2pc. These results thus ex-
pand upon previous findings showing that reward based
on color can robustly capture attention (e.g., Kiss et al.,
2009) by showing that reward that is associated with a
category of complex stimulus objects can also enhance
their processing priority, whether associated with a target
or a distractor. Although it is unclear as to how equivalent
the salience of a monetary reward is compared with the
salience of a primary reward (e.g., water to a thirsty per-
son) or an addiction-related reward (e.g., wine to an alco-
holic), nor is it clear how this effect of reward could be
parametrically modulated through a high-reward/ low-
reward manipulation, this work has important implica-
tions for the efficacy and manner by which these types
of complex object-based stimuli may capture attention.
We suggest that reward associations that go beyond just
simple low-level features can strongly guide attention in a
rapid, automatic manner.

Acknowledgments

The authors thank Steffi Bachmann and Stefan Knape for tech-
nical support and assistance with data acquisition and Anja
Rautzenberg and Joseph Harris for helpful input in pilot versions
of this experiment. Thisworkwas supportedbyDFGSFB779TPA1.

Reprint requests should be sent to Sarah E. Donohue, Depart-
ment of Neurology, Leibniz Institute for Neurobiology, Otto-
von-Guericke-University Magdeburg, Leipziger Strasse 44,
39120 Magdeburg, Germany, or via e-mail: donohue.sarah.e@
gmail.com.

Donohue et al. 539



REFERENCES

Anderson, B. A., Laurent, P. A., & Yantis, S. (2011a). Learned
value magnifies salience-based attentional capture. PLoS One,
6, e27926.

Anderson, B. A., Laurent, P. A., & Yantis, S. (2011b). Value-driven
attentional capture. Proceedings of the National Academy
of Sciences, U.S.A., 108, 10367–10371.

Bartsch, M. V., Boehler, C. N., Stoppel, C. M., Merkel, C., Heinze,
H. J., Schoenfeld, M. A., et al. (2015). Determinants of global
color-based selection in human visual cortex. Cerebral
Cortex, 25, 2828–2841.

Bentin, S., Allison, T., Puce, A., Perez, E., & McCarthy, G. (1996).
Electrophysiological studies of face perception in humans.
Journal of Cognitive Neuroscience, 8, 551–565.

Boehler, C. N., Tsotsos, J. K., Schoenfeld, M. A., Heinze, H. J.,
& Hopf, J.-M. (2011). Neural mechanisms of surround
attenuation and distractor competition in visual search.
Journal of Neuroscience, 31, 5213–5224.

Buschschulte, A., Boehler, C. N., Strumpf, H., Stoppel, C.,
Heinze, H.-J., Schoenfeld, M. A., et al. (2014). Reward- and
attention-related biasing of sensory selection in visual cortex.
Journal of Cognitive Neuroscience, 26, 1049–1065.

Chelazzi, L., Estocinova, J., Calletti, R., Lo Gerfo, E., Sani, I.,
Della Libera, C., et al. (2014). Altering spatila priority maps
via reward-based learning. Journal of Neuroscience, 34,
8594–8604.

Chelazzi, L., Perlato, A., Santandrea, E., & Della Libera, C. (2013).
Reward teaches selective attention. Vision Research, 85, 58–72.

Desimone, R., Schein, S. J., Moran, J., & Ungerleider, L. G.
(1985). Contour, color and shape analysis beyond the
striate cortex. Vision Research, 25, 441–452.

Ehrman, R. N., Robbins, S. J., Bromwell, M. A., Lankford, M. E.,
Monterosso, J. R., & O’Brien, C. P. (2002). Comparing
attentional bias to smoking cues in current smokers, former
smokers, and non-smokers using a dot-probe task. Drug and
Alcohol Dependence, 67, 185–191.

Eimer, M. (1996). The N2pc component as an indicator of
attentional selectivity. Electroencephalography and Clinical
Neurophysiology, 99, 225–234.

Evans, K. K., & Treisman, A. (2005). Perception of objects
in natural scenes: Is it really attention free? Journal of
Experimental Psychology: Human Perception and
Performance, 31, 1476–1492.

Field, M., & Cox, W. (2008). Attentional bias in addictive
behaviors: A review of its development, causes, and
consequences. Drug and Alcohol Dependence, 97, 1–20.

Finker, D. B., Heipertz, D., Boehler, C. N., Schoenfeld, M. A.,
Noesselt, T., Heinze, H. J., et al. (2010). Mandatory
processing of irrelevant fearful face features in visual
search. Journal of Cognitive Neuroscience, 22, 2926–2938.

Fuchs, M., Drenckhahn, R., Wischmann, H., & Wagner, M.
(1998). An improved boundary element method for realistic
volume-conductor modeling. IEEE Transactions on
Biomedical Engineering, 45, 980–997.

Girelli, M., & Luck, S. J. (1997). Are the same attentional
mechanisms used to detect visual search targets defined by
color, orientation, and motion? Journal of Cognitive
Neuroscience, 9, 238–253.

Guthrie, D., & Buchwald, J. S. (1991). Significance testing of
difference potentials. Psychophysiology, 28, 240–244.

Haxby, J. V., Gobbini, M. I., Furey, M. L., Ishai, A., Schouten,
J. L., & Pietrini, P. (2001). Distributed and overlapping
representations of faces and objects in ventral temporal
cortex. Science, 293, 2425–2430.

Hickey, C., Chelazzi, L., & Theeuwes, J. (2010). Reward changes
salience in human vision via the anterior cingulate. Journal of
Neuroscience, 30, 11096–11103.

Hickey, C., Chelazzi, L., & Theeuwes, J. (2014). Reward-priming
of location in visual search. PLoS One, 9, e103372.

Hickey, C., Di Lollo, V., & McDonald, J. J. (2009).
Electrophysiological indices of target and distractor
processing in visual search. Journal of Cognitive
Neuroscience, 21, 760–775.

Hickey, C., Kaiser, D., & Peelen, M. V. (2015). Reward guides
attention to object categories in real-world scenes. Journal of
Experimental Psychology: General, 144, 264–273.

Hickey, C., McDonald, J. J., & Theeuwes, J. (2006).
Electrophysiological evidence of the capture of visual
attention. Journal of Cognitive Neuroscience, 18, 604–613.

Hickey, C., & van Zoest, W. (2012). Reward creates oculomotor
salience. Current Biology, 22, R219–R220.

Hopf, J.-M., Boelmans, K., Schoenfeld, M. A., Heinze, H. J., &
Luck, S. J. (2002). How does attention attenuate target-
distractor interference in vision?: Evidence from
magnetoencephalographic recordings. Cognitive Brain
Research, 15, 17–29.

Hopf, J.-M., Boelmans, K., Schoenfeld, M. A., Luck, S. J., &
Heinze, H. J. (2004). Attention to features precedes attention
to locations in visual search: Evidence from electromagnetic
brain responses in humans. Journal of Neuroscience, 24,
1822–1832.

Hopf, J.-M., Luck, S. J., Boelmans, K., Schoenfeld, M. A.,
Boehler, C. N., Rieger, J., et al. (2006). The neural site of
attention matches the spatial scale of perception. Journal of
Neuroscience, 26, 3532–3540.

Hopf, J.-M., Luck, S. J., Girelli, M., Hagner, T., Mangun, G. R.,
Scheich, H., et al. (2000). Neural sources of focused attention
in visual search. Cerebral Cortex, 10, 1233–1241.

Hopf, J.-M., Schoenfeld, A., Buschschulte, A., Rautzenberg,
A., Krebs, R. M., & Boehler, C. N. (2015). The modulatory
impact of reward and attention on global feature selection
in human visual cortex. Visual Cognition, 23, 229–248.

Kirchner, H., & Thorpe, S. J. (2006). Ultra-rapid object detection
with saccadic eye movements: Visual processing speed
revisited. Vision Research, 46, 1762–1776.

Kiss, M., Driver, J., & Eimer, M. (2009). Reward priority of visual
target singletons modulates event-related potential
signatures of attentional selection. Psychological Science,
20, 245–251.

Kiss, M., Van Velzen, J., & Eimer, M. (2008). The N2pc
component and its link to attention shifts and spatially
selective visual processing. Psychophysiology, 45,
240–249.

Krebs, R. M., Boehler, C. N., Egner, T., & Woldorff, M. G. (2011).
The neural underpinnings of how reward associations can
both guide and misguide attention. Journal of Neuroscience,
31, 9752–9759.

Krebs, R. M., Boehler, C. N., & Woldorff, M. G. (2010). The
influence of reward associations on conflict processing in
the Stroop task. Cognition, 117, 341–347.

Libera, C. D., & Chelazzi, L. (2006). Visual selective attention
and the effects of monetary rewards. Psychological Science,
17, 222–227.

Libera, C. D., & Chelazzi, L. (2009). Learning to attend and to
ignore is a matter of gains and losses. Psychological Science,
20, 778–784.

Liu, H., Agam, Y., Madsen, J. R., & Kreiman, G. (2009). Timing,
timing, timing: Fast decoding of object information from
intracranial field potentials in human visual cortex. Neuron,
62, 281–290.

Luck, S. J., & Hillyard, S. A. (1994a). Electrophysiological
correlates of feature analysis during visual search.
Psychophysiology, 31, 291–308.

Luck, S. J., & Hillyard, S. A. (1994b). Spatial filtering during
visual search: Evidence from human electrophysiology.

540 Journal of Cognitive Neuroscience Volume 28, Number 4



Journal of Experimental Psychology: Human Perception
and Performance, 20, 1000–1014.

Maunsell, J. H. R. (2004). Neuronal representations of cognitive
state: Reward or attention? Trends in Cognitive Sciences,
8, 261–265.

Miller, J., Patterson, T., & Ulrich, R. (1998). Jackknife-based
method for measuring LRP onset latency differences.
Psychophysiology, 35, 99–115.

Robinson, S. E. (1989). Environmental noise cancellation for
biomagnetic measurements. In S. J. Williamson, M. Hoke,
G. Stroink, & M. Kotani (Eds.), Advances in biomagnetism
(pp. 721–724). New York: Plenum Press.

Sawaki, R., & Luck, S. J. (2010). Capture versus suppression of
attention by salient singletons: Electrophysiological evidence
for an automatic attend-to-me signal. Attention, Perception
& Psychophysics, 72, 1455–1470.

Serences, J. T. (2008). Value-based modulations in human visual
cortex. Neuron, 60, 1169–1181.

Small, D. M., Gitelman, D., Simmons, K., Bloise, S. M., Parrish,
T., & Mesulam, M. M. (2005). Monetary incentives enhance
processing in brain regions mediating top–down control of
attention. Cerebral Cortex, 15, 1855–1865.

Theeuwes, J. (2010). Top–down and bottom–up control of
visual selection. Actpsy, 135, 77–99.

Thorpe, S., Fize, D., & Marlot, C. (1996). Speed of processing
in the human visual system. Nature, 381, 520–522.

Townshend, J. M., & Duka, T. (2001). Attentional bias
associated with alcohol cues: Differences between heavy

and occasional social drinkers. Psychopharmacology,
157, 67–74.

VanRullen, R., & Thorpe, S. J. (2001). The time course of
visual processing: From early perception to decision-making.
Journal of Cognitive Neuroscience, 13, 454–461.

Woodman, G. F., Arita, J. T., & Luck, S. J. (2009). A cuing study
of the N2pc component: An index of attentional deployment
to objects rather than spatial locations. Brain Research,
1297, 101–111.

Woodman, G. F., & Luck, S. J. (1999). Electrophysiological
measurement of rapid shifts of attention during visual search.
Nature, 400, 867–869.

Woodman, G. F., & Luck, S. J. (2003). Serial deployment of
attention during visual search. Journal of Experimental
Psychology: Human Perception and Performance, 29,
121–138.

Wu, R., Scerif, G., Aslin, R. N., Smith, T. J., Nako, R., & Eimer, M.
(2013). Searching for something familiar or novel: Top–down
attentional selection of specific items or object categories.
Journal of Cognitive Neuroscience, 25, 719–729.

Yantis, S., & Jonides, J. (1984). Abrupt visual onsets and
selective attention: Evidence from visual search. Journal of
Experimental Psychology: Human Perception and
Performance, 10, 601–621.

Zeki, S., Watson, J. D., Lueck, C. J., Friston, K. J., Kennard, C.,
& Frackowiak, R. S. (1991). A direct demonstration of
functional specialization in human visual cortex. Journal of
Neuroscience, 11, 641–649.

Donohue et al. 541



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


