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Reward-associated visual features have been shown to capture visual attention, evidenced in faster andmore ac-
curate behavioral performance, as well as in neural responses reflecting lateralized shifts of visual attention to
those features. Specifically, the contralateral N2pc event-related-potential (ERP) component that reflects atten-
tional shifting exhibits increased amplitude in response to task-relevant targets containing a reward-associated
feature. In the present study, we examined the automaticity of such reward-association effects using object-
substitution masking (OSM) in conjunction with MEG measures of visual attentional shifts. In OSM, a visual-
search array is presented, with the target item to be detected indicated by a surrounding mask (here, four sur-
rounding squares). Delaying the offset of the target-surrounding four-dot mask relative to the offset of the rest
of the target/distracter array disrupts the viewer's awareness of the target (masked condition), whereas simulta-
neous offsets do not (unmasked condition). Here we manipulated whether the color of the OSM target was or
was not of a previously reward-associated color. By tracking reward-associated enhancements of behavior and
the N2pc in response tomasked targets containing a previously rewarded or unrewarded feature, the automatic-
ity of attentional capture by reward could be probed.We found an enhanced N2pc response to targets containing
a previously reward-associated color feature. Moreover, this enhancement of the N2pc by reward did not differ
between masking conditions, nor did it differ as a function of the apparent visibility of the target within the
masked condition. Overall, these results underscore the automaticity of attentional capture by reward-
associated features, and demonstrate the ability of feature-based reward associations to shape attentional cap-
ture and allocation outside of perceptual awareness.

© 2016 Elsevier Inc. All rights reserved.
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Introduction

In the real world, a multitude of sensory stimuli constantly compete
for our attention, and it is therefore essential to select themost relevant
ones for more extensive perceptual processing. Due to their behavioral
relevance, sensory features associated with rewards tend to capture at-
tention.Within the context of a visual search task, this capture has been
observed in behavioral and electrophysiological measures, which show
enhanced processing of a stimulus containing a previously rewarded
feature. The specific pattern of behavioral results appears to depend
upon the elements of the presented search array or scene in which
such a feature is embedded, and can either be beneficial or detrimental
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to the task at hand. For example, when a reward-associated feature is
embedded in a task-relevant stimulus, it tends to enhance task behav-
ior, making viewers faster and more accurate in discerning relevant
stimulus content (Störmer et al., 2014; Buschschulte et al., 2014; Della
Libera and Chelazzi, 2006; Kiss et al., 2009). On the other hand, when
a reward-associated feature is embedded in a task-irrelevant stimulus,
decrements in behavior in a concurrent primary task are observed,
reflecting an effect of distraction from that task (Hickey et al., 2010;
Anderson et al., 2011a,b; Chelazzi et al., 2013; Hickey and van Zoest,
2013).

Regardless of its effect on task-relevant behavior, attentional capture
by reward is reflected in neural measures of spatial attention allocation.
In the context of a visual search task, and whether embedded in a
distracter or task-relevant target, the capture of attention by a reward-
associated feature is accompanied by modulations of the N2pc, a
negative-polarity event-related-potential (ERP) component that re-
flects the shift or capture of attention to a laterally presented target,
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and that appears as an enhanced negative evoked potential over contra-
lateral posterior parietal scalp peaking ~200ms after target onset (Luck
andHillyard, 1994;Woodman and Luck, 1999). Studies usingMEG have
suggested that this index of spatial attentional shifts arises mainly from
ventral extrastriate cortex (Hopf et al., 2000), and intracranial single
unit recordings in nonhuman primates have localized an analogous ef-
fect to inferotemporal regions (Chelazzi et al., 1998). Modulations of
the N2pc activity, such as higher amplitudes or earlier onset latencies,
thereby provide a neural index of the enhanced spatial attentional cap-
ture by reward-associated features. Such patterns of results have been
seen in a number of electrophysiological studies of reward in visual
search (Hickey et al., 2010; Kiss et al., 2009; Qi et al., 2013; Donohue
et al., 2016).

The automaticity with which reward-associated features can capture
visual attention has been probed primarily in terms of stimuli that are
visible but are task-irrelevant or ignored (e.g., Qi et al., 2013). Although
these findings underscore the potency of reward-associations in driving
attentional processes during visual search, the degree to which visual at-
tention can be captured by a reward-associated stimulus or feature of
which the viewer does not become aware would provide particularly
telling information concerning the automaticity of these influences.
One way to probe attentional capture in the absence of awareness is to
create conditions in which a physically present target is rendered per-
ceptually unseen by viewers, and to track the hallmark behavioral and
neural indices of attentional capture as a function of reward across
these conditions of awareness. This method, wherein an implicit or neu-
ral measure of a specific perceptual or cognitive process is tracked across
varying levels of awareness reflected in an explicit behavioralmeasure of
the same process, is known as the dissociation paradigm (Reingold and
Merikle, 1988). Previous studies have employed this approach using a
variety of methods and measures, which seem to support the idea that
ecologically relevant features or objects can have an influence on visual
attention even when presented outside of visual awareness. For exam-
ple, the affective content of faces has been shown to lead to enhance-
ments of visual processing, regardless of visibility (Jiang et al., 2009;
Pegna et al., 2008; Pesciarelli et al., 2011; Smith, 2012). In addition, it
has also been shown that ecologically relevant, but otherwise unseen,
stimuli can capture attention, as reflected in their tendency to overcome
inattentional blindness (Koivisto and Revonsuo, 2007) or facilitate sub-
sequent target discrimination (Wetherill et al., 2014).

Of particular relevance in examining the deployment of visual atten-
tion to unseen visual targets is a study by Woodman and Luck (2003),
which successfully dissociated the focusing of attention reflected in the
N2pc from the construct of visual awareness. Specifically, these authors
showed that theN2pcwas present for targets thatweremaskedby object
substitution (described below), whether they were ultimately seen or
unseen by the viewer,whereas those targetsmasked by amore tradition-
al formof backward patternmasking did not elicit anN2pcwhen unseen.
Whether or not the enhancement of the N2pc by reward-associated fea-
tures would also be present under such circumstances would speak not
only to the automaticity of reward processing, but alsowhether its ability
to modulate attentional allocation can operate outside the purview of
awareness. This issue is the main focus of the present study.

To create conditions of reduced visual awareness, masking by object
substitution can serve as a particularly useful method. In object-
substitutionmasking (OSM), an array of stimulus items (i.e., a single tar-
get item among an array of distracters) is briefly presented (~17–50ms
duration). The target item, which occurs in an unpredictable location in
the array, is denoted as the target by a surrounding four-dotmask (Enns
and Di Lollo, 2000; Giesbrecht and Di Lollo, 1998). On half of the trials,
all elements of the briefly presented array (distracters, target, and
mask) disappear simultaneously, which tends to leave the target visibil-
ity intact. On the other half of the trials, the four-dot mask remains on
the screen for a short period of time (typically several hundredmillisec-
onds) following the offset of the rest of the target/distracter array. In
these instances, the visibility of the target is greatly reduced. The most
favored account of the mechanism of OSM cites the convolution of a
feedforward signal comprised of the offset-laggingmask with the reen-
trant signal containing the initial mask-plus-target information. This in-
tegration process is proposed to result in the representation of themask
(i.e., the only consistent element between the two signals) being
substituted for the initial target-plus-mask as an input signal to later vi-
sual processing stages, and ultimately to perceptual awareness (Boehler
et al., 2008; Di Lollo et al., 2000; Harris et al., 2013). Consequently, any
process shown to occur despite the perceptually disruptive effects of
OSM can be interpreted as occurring independently from this reentrant
signaling mechanism.

Based on what is known about masking via object substitution, as
well as previous findings regarding the capture of attention by
rewarded visual features, the introduction of a feature-based reward as-
sociation to masked targets can lead to one of several possible patterns
of results. At the behavioral level, the rapid capture of attention by a
reward-associated feature may make OSM less effective at reducing
the visibility of such targets. An enhanced N2pc response in the case
of reward-associated vs. reward-unassociated targets in the masked
condition would likely accompany this behavioral result. Such an over-
all pattern of results would be consistent with previous findings
pointing to the central role of attentional deployment in determining
the efficacy of masking by object-substitution, wherein correctly dis-
criminated masked targets were accompanied by an enhanced N2pc
to the target location relative to those not consciously perceived
(Harris et al., 2013; Prime et al., 2011).

On the other hand, it is possible that the behavioral changes associ-
atedwith reward processing (e.g., increased accuracy) rely on the visual
process that is disrupted by OSM. If so, no behavioral difference due to
reward would be expected in the masked condition. The neural results
would therefore be of central interest, with two main patterns of elec-
trophysiological results being possible. One possibility would be that
the N2pc enhancement in response to reward-associated features, like
the corresponding behavioral effects, depends upon the process
disrupted by OSM, thus resulting in no reward-related enhancement
under conditions of reduced target visibility. Another intriguing possi-
bility would be that an enhanced N2pc to reward-associated targets
would still be elicited, even in the absence of awareness of that target
and any behavioral effect of the reward association. This would indicate
that reward-associated feature detection, and subsequent enhanced
capture of visual attention, are part of a process that is independent
from the low-level reentrant signaling that gives rise to awareness
(Chelazzi et al., 2013; Woodman and Luck, 2003). That is, given the pu-
tative low-level reentrant mechanism by which OSM disrupts aware-
ness, this would show that a feedforward signal from a stimulus
containing a reward-associated feature is sufficient to capture attention
automatically, even when that stimulus fails to reach awareness.

Methods

Subjects

Thirty-seven subjects participated in the experiment, of which two
were ultimately excluded due to an insufficient number of trials follow-
ing artifact rejection for eye movements and blinks. This yielded a total
of 35 subjects in the grand average (all right-handed, 14 female) with a
mean age of 26.4 + 2.9 years. Participants were compensated for their
time and performance, and informed consent was obtained for all sub-
jects in accordance with protocol approved by the Institutional Review
Board of the Otto-von-Guericke University in Magdeburg, Germany.

Stimuli and task

General
The stimuli and tasks were created using the Presentation software

package (Neurobehavioral Systems, Inc., Albany, California) and were
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projected onto a screen 1m in front of the subject. Prior to commencing
the experiment, all subjects completed a flicker-fusion luminance-
equating task in which the specific color values (as defined by relative
red-green-blue (RGB) hue saturations) for the relevant colors (magenta
and brown) were determined. Once the target color luminances were
equated, and following a brief practice run of the object-substitution-
masking (OSM) task in greyscale, subjects completed two experimental
tasks: a reward-association induction task, and an OSM task wherein
targets could be of either a previously rewarded or unrewarded color
(see below). Each session consisted of 3 runs of the reward-
association induction task, followed by twoOSM runs, then another sin-
gle reward-association induction run to refresh the reward associations,
followed by twomore OSM runs, and so on, for a total of 5 reward asso-
ciation induction runs and 6 OSM runs. Therewere also separate runs in
which the color of the mask itself could be associated with reward, but
those results are not reported here.

Reward association induction/N2pc localizer task
For the reward association induction task (Fig. 1A), trials consisted of

four circles of 1.7° diameter and subtending 6.3° relative to a central fix-
ation cross, presented in the upper left, lower left, upper right, and
lower right quadrants of the screen for a duration of 40 ms. In every
trial, one of these circles was of either a magenta or brown hue (previ-
ously matched for luminance using the flicker-fusion task), whereas
the remaining three circles were yellow, cyan, or gray, with one of
each of these three other colors being presented on every trial, random-
ly assigned to the three remaining locations. Subjects were asked to in-
dicate the location of the relevant color circle by pressing one of four
buttons, each corresponding to a screen location, within 600 ms of tar-
get array onset. Subjects received feedback on every trial following their
response, indicating whether their response was correct, incorrect, or
correct but too slow. In addition, for one of the colors, arbitrarily
assigned to each subject, feedback included a monetary value of +10
cents for correct responses executed within the 600 ms time window,
and +0 in the case of incorrect or slow behavior.

Color-target OSM task
For the OSM task (Fig. 1B), every trial consisted of an array of 15

greyscale ellipses (1.1° width and 1.7° length), each of randomly select-
ed vertical or horizontal orientation, alongwith a single ellipse target of
Fig. 1. A. Reward association induction/N2pc localizer task design. One relevant color target (eith
right (UR), lower left (LL), lower right (LR)) for each trial. Subjects indicated via button press th
chosen arbitrarily for each subject, was followed bymonetary reward-associated feedback. B. Co
locations, indicatedby a four-square surroundingmask. For half of the trials, thismaskwas delay
(masked trials). Targets could be of either the previously neutral or previously rewarded color
either the previously rewarded or previously unrewarded target color
(Fig. 1B). Participants were asked to report, via button press, the orien-
tation of the target ellipse (horizontal or vertical), or to press a third but-
ton indicating ‘no target present.’ The target could appear in any one of
the four locations previously assigned to the circles in the reward-
association induction task. The target was surrounded by four small
black squares that served as the mask, which onset simultaneously
with the array. The target/distractor array remained on screen for a du-
ration of 26 ms. For half of the trials, the four-dot mask offset with the
entire array, while on the other half of trials, it remained on the screen
for an additional 500ms, inducing the substitutionmasking effect of re-
duced awareness of the target. In light of previous studies demonstrat-
ing that OSM is enhanced when targets and masks share shape or color
features (Chen and Treisman, 2009; Gellatly et al., 2006), it should be
noted that the masks and targets used in the OSM portion of the exper-
iment always differed on both the color and orientation feature dimen-
sions. Specifically, ellipse targets were always one of two orientations,
whereas the target-marker masks were comprised of squares of an un-
changing orientation, and only the target element ever contained rele-
vant color features.

MEG acquisition

Magnetoencephalographic (MEG) activity was acquired using a BTI
Magnes 3600 (4-D Neuroimaging, San Diego, CA) whole-head
magnetometer with 248 SQUID sensors, and filtered online with a
low-pass filter of DC-to-50 Hz (sample rate = 254 Hz per channel).
For each participant, the head position was spatially registered using
preauricular, nasion, inion, and centroid anatomical landmarks, as well
as five localizer coils attached to the head (3Space Fastrak System,
Polhemus, Colchester, VT, USA). Subject behavior and movement were
monitored throughout the experiment via closed-circuit video, as well
as via online monitoring of MEG data for artifacts.

Data analysis

Behavior
For each task, mean accuracy, detection, and response times (RTs)

were measured. For the reward-association induction/N2pc-localizer
task, these metrics were submitted to a within-subjects two-tailed
er brown or magenta) was presented in an unpredictable location (upper left (UL), upper
e location of the relevant circle, and were given feedback on their performance. One color,
lor-target OSM task. Subjects indicated the orientation of an ellipse occurring in one of four
ed in offset by 500ms relative to the target/distracter array,whichwas presented for 26ms
. (AFC = alternative forced choice).

Image of Fig. 1
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paired comparison across target color (reward-associated and reward-
unassociated) conditions. In the case of the OSM task, these measures
were submitted to a 2-by-2 repeated-measures ANOVA (with the fac-
tors of masking condition and reward-association of the target color).

MEG
For each participant, offline artifact rejection was performed via a

peak-to-peak threshold criterion within the peristimulus time window
of−100ms to+1000. Epochs with peak-to-peak amplitude values ex-
ceeding established thresholds were excluded from subsequent analy-
sis. The sensitivity and selectivity of each threshold were evaluated on
a subject-by-subject basis, and yielded a range of thresholds of 1.8 pT
to 3.4 pT, with an average of 2.5 pT. Once these thresholds were set
for each subject, theywere applied blindly by an automatic computer al-
gorithm for rejection of trials. On average, this led to the rejection of ap-
proximately 11.2%of trials across subjects (range of 3–16%). In the event
that artifacts comprised 25% or more of a participant's data, the set was
excluded from further analyses (as was the case for two subjects).
Event-related magnetic field (ERMF) responses were extracted by
time-locked averaging each participant's artifact-free data to the onset
of stimuli for each condition. These averages were baseline corrected
relative to a 100 ms pre-stimulus-array interval for statistical tests and
plotting.

Repositioning and source modeling
The sensor arraywas repositioned for each subject using anatomical

landmarks digitized during acquisition (preauricular points and nasion)
to a reference sensor set based upon the average positions derived from
1500 previous sessions. To this end, a lead-fieldwas calculated for every
participant's data based on MNI anatomical data, resulting in a cortical
surface (excluding the cerebellum) source space representation based
on the Minimum Norm Least Squares algorithm (Fuchs et al., 1999).
Sensor-space data were then reconstructed for each participant using
the inverted lead-field obtained in the previous step. This creation of a
standard space allowed data from multiple participants to be grand-
averaged and the dipole sources underlying extracted MEG N2pc re-
sponses to be modeled and examined.

Source localization of the grand ERMF extracted N2pc was per-
formed using Curry 7 (Compumedics Neuroscan, USA Ltd.) through
the Minimum Norm Least Squares algorithm with a rotating dipole
source. Source estimates were anatomically constrained by the 3D sur-
face models (Fuchs et al., 1998) of the source compartment (cortical
grey-to-white matter border) and the volume conductor compartment
(cerebrospinal fluid space) of the MNI brain.

N2pc
The MEG N2pc marker of spatial attentional shifts was extracted,

separately for each condition, by subtracting those ERMFs in response
to targets occurring in the right visual field from those associated with
targets occurring in the left visual field. This subtraction eliminates
sensory-evoked similarities and leaves only the difference in responses
as a function of the relative contralaterality of target responses, which is
enhanced in the case of greater attentional allocation to targets. The
N2pc, as extracted for the reward association induction/N2pc localizer
task, provided the time window and sensors over which all subsequent
statistical analyses of N2pc mean amplitude were performed. The rele-
vant N2pc time window was identified by subjecting the mean ampli-
tude difference between target-left and target-right ERMFs within the
reward association induction/N2pc localizer task to a sliding-window
t-test on consecutive time-samples between 100 and 500 ms poststim-
ulus, with a windowwidth of three time samples (11.8 ms). The first of
five ormore consecutively significant testswas identified as the onset of
a significant effect (Guthrie and Buchwald, 1991; Schoenfeld et al.,
2007; Schoenfeld et al., 2003a,b). These onset and offset values were
then rounded to the nearest fifth millisecond (e.g., 127.8 ms would be-
come 130). For statistical purposes, and to reduce the possible influence
of alpha-band artifacts, a 100ms-wide timewindow capturing the peak
canonical N2pc effect, while excluding its edges (i.e., values of 0 fT), was
used. MEG sensors of interest were selected by identifying, across all
conditions in the reward association induction/N2pc localizer task, the
time-point of maximal N2pc-related activity between 100 and 500 ms.
The sensors lying within the maximal efflux and influx of this activity
were averaged together after reversing the polarity of efflux-
associated channels to achieve a uniformly negative polarity for plotting
and statistics.

Mean amplitude N2pc responses were compared across relevant re-
ward association, masking, and behavioral conditions within each task.
Specifically, within the reward-association induction/N2pc localizer
task, N2pc mean amplitudes were compared across conditions of
reward-associated targets and reward-unassociated targets. For the
OSM task, mean amplitude values for the N2pc were subjected first to
a 2-by-2 repeated measures ANOVA with the factors of masking condi-
tion (simultaneous versus delayed offset of the four-square mask) and
reward association (whether the target was of a previously rewarded
or unrewarded color). Additionally, for the OSM task, this analysis was
followed by a 2-by-2 repeated measures ANOVA with the factors of re-
ward and target visibility within themasked condition (i.e., correct and
incorrect responses to the masked target) to probe the presence of any
extracted reward-associated N2pc enhancement across conditions of
awareness.
Results

Behavior

Reward association induction task
For the location discrimination task of the reward-association induc-

tion phase of the study, targets of one color, when correctly located
within the prescribed behavioral response time window (200–
600 ms), were followed by a monetary reward. Accuracy was signifi-
cantly higher for discs of a rewarded color than for discs of the unre-
warded color (mean: 90%, and 83%, respectively; t34 = 5.00; p b .001;
Fig. 2). Response times were also shorter for rewarded discs relative to
unrewarded discs (429 ms and 453 ms, respectively; t34 = 7.18;
p b .001). Overall, participants in the reward-association induction
phase were both more accurate and faster in their responses to stimuli
containing a reward-associated feature than to equally salient targets
containing an unrewarded feature.
Color-target OSM task
In this OSM-based task, subjects were asked to discriminate the ori-

entation of a color target ellipse surrounded by a black four-dot mask.
Measures of mean accuracy showed significant main effects of masking
(F1,34=128.93, p b .001) and reward association (F1,34= 6.65, p= .01),
with subjects being less accurate in discriminating the orientation of el-
lipses during masked trials, and also when the ellipses were of a previ-
ously unrewarded color relative to a previously rewarded color (see
Table 1 for all values). The subjects' accuracy fell from84% for unmasked
trials to 68% in masked trials, and from 77% for targets of a previously
rewarded color to 75% for those of a previously unrewarded color,
with no interaction ofmasking and reward (F1,34= .006, p= .94).Mea-
sures of overall target detection revealed a main effect of masking
(F1,34 = 19.1, p b .001), falling from 99% in the unmasked condition to
91% in the masked condition, no main effect of reward (F1,34 = 1.7,
p = .21), and no interaction (F1,34 = .59, p = .45). Taken together, the
lack of a significant interaction in both accuracy and detection shows
that although the reward association, as induced in the initial task,
transferred tomeasures of accuracy, it did not render targets containing
a previously reward-associated feature any less susceptible to the ef-
fects of masking. No response time effects were observed.



Fig. 2. Summary of behavioral results. A. In the reward-association induction task, subjectswere significantlymore accurate and faster in reporting the location of a reward-associated color
disc relative to an unrewarded color disc. In the OSM task (B), masking reduced accuracy. In addition, subjects weremore accurate in identifying the orientation of the target ellipse when
the target was of the previously rewarded color relative to the previously neutral color (collapsed across masking conditions, depicted below graph). No significant RT differences were
observed for OSM task, although a trending main effect of masking was observed, with subjects slightly slower, on average, for masked trials. Error bars represent standard error of the
mean.
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MEG

N2pc extraction
Within each task, theMEGN2pc indexof lateralized shifts of spatial at-

tention was extracted by comparing mean amplitude values in response
to left-sided targets to those associatedwith right-sided targets, collapsed
across reward-association conditions as well as across behavioral perfor-
mance. This yielded a canonical peak N2pc response during the poststim-
ulus time window of 175–275 ms for the reward-association induction/
N2pc localizer task (evoked field responses to left visual field targets ver-
sus responses to right visual field targets; t34 = 9.14, p b .001), which
thereby provided a spatio-temporal region of interest (ROI) to be used
for the subsequent analyses. That is, this localizer N2pc provided the
time window and sensor sites used for subsequent analyses for the
OSM task (i.e., repeated-measures ANOVAs investigating masking-by-
reward effects, as well as target-visibility-by-reward effects within the
masked condition). Collapsing across the factors of behavior and
reward-association, a similar significant difference between responses
to left and right visual field targets (N2pc) was extracted for OSM
unmasked trials (t34 = 8.17, p b .001) and masked trials (t34 = 7.80,
p b .001). All subsequent analyses probing effects of reward association,
masking, and target visibility thus consider as the dependent variable
the mean amplitude of these extracted N2pc components in the
localizer-established spatio-temporal ROIs (Fig. 4C and F).
Table 1
Summary of behavioral results. Accuracy and response time data (mean+ standard error of the
task.

Reward-association induction Accuracy (% correct; mean ± SE)

Unrewarded targets 83 ± 2.01
Rewarded targets 90 ± 1.00
Color-target object-substitution masking Accuracy (% correct; mean ± SE)
Unmasked
Previously unrewarded color target 83 ± 1.50
Previously rewarded color target 84 ± 1.52
Masked
Previously unrewarded color target 67 ± 1.89
Previously rewarded color target 69 ± 2.20
N2pc modulation by reward-association
In the reward-association induction task, targets that were associat-

ed with a reward elicited a higher amplitude N2pc response during the
175–275 ms poststimulus time window than those associated with
feedback in the absence of reward (−23.7 fT for rewarded versus
−11.9 fT for unrewarded; t34= 3.2, p b .01; Fig. 3D). These results indi-
cate that the reward association induction/N2pc localizer task was suc-
cessful in establishing a color-feature reward association that reliably
captured visual attention, as evidenced by an enhanced amplitude of
the N2pc.

Within the color-target OSM task (Fig. 4), a main effect of reward
(i.e., an amplitude enhancement; F1,34 = 11.02, p b .01) was observed,
with no significant main effect of masking (F1,34 = 1.6, p = .22) or
masking-by-reward interaction (F1,34 = .01, p= .92). Because it is rea-
sonable to expect that this main effect of reward on the N2pc responses
might have varied as a function of target visibility (reflected by behav-
ioral performance) within the masked condition, an additional analysis
was conductedwithin that condition. This analysis yielded amain effect
of reward (F1,34=8.3, p b .01), nomain effect of target visibility (F1,34=
1.8, p= .19), and no interaction between the two factors (F1,34 = .003,
p = .96). Thus, the reward association established in the induction/
localizer phase of the experiment transferred to the OSM task, yielding
larger amplitude N2pc responses to targets of the previously rewarded
color relative to those targets of the previously neutral color. In addition,
mean). Additional overall detection data are provided for the object-substitutionmasking

Response time (ms; mean ± SE)

454 ± 6.10
430 ± 5.34

Detection (%; mean ± SE) Response time (ms; mean ± SE)

98 ± .54 545 ± 10.94
99 ± .43 543 ± 11.26

91 ± 1.9 549 ± 10.76
92 ± 2.3 547 ± 10.72

Image of Fig. 2


Fig. 3. Reward association induction/N2pc localizer task. A. Cortical source estimations for the N2pc difference wave extracted for the reward-association induction/localizer task. Current
source densitymodeling localized the peakN2pc difference (250ms) to bilateral ventral–occipital–temporal regions. B. Topographical field distribution for the N2pc peak difference, with
selected and rectified channels (foci of influx and inverted polarity foci of efflux averaged together) indicated by ellipses. C. N2pc (target-left minus target-right) as extracted for
unrewarded (black trace) and rewarded targets (green trace). D. A reward-associated enhancement of this N2pc difference wave was observed during the 175–275 ms poststimulus
time window for targets associated with monetary feedback (green bar) relative to those associated with neutral feedback (gray bar). Error bars represent standard error of the mean.
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this reward-associated enhancement of the N2pc and did not vary as a
function of masking condition or target visibility.

Discussion

The present study investigated the capture of attention by a reward-
associated visual feature (color) in the absence of awareness induced by
object-substitution masking, wherein the reward-associated feature
was embedded inmasked targets. Results indicate that a new, arbitrary
reward association at the level of the color feature can still capture at-
tention, even when it does not reach a viewer's awareness. That reward
captures visual attention as reflected in behavioral and neuralmeasures
has been shown in multiple studies (e.g., Della Libera and Chelazzi,
2006; Hickey et al., 2010; Kiss et al., 2009). The present study shows fur-
ther that when this reward-association was not only orthogonal to the
task at hand, but was even masked from perceptual awareness by
object-substitution, the neural index of enhanced attentional capture
by the reward-associated feature was still preserved.

Reward-associated features implicitly capture attention during OSM

Previous studies have implicated a low-level reentrantmechanism of
disruption in OSM, which provides a mechanistic framework for
interpreting the present results (Boehler et al., 2008; Di Lollo et al.,
2000; Harris et al., 2013). Specifically, OSMhas been proposed to disrupt
visual awareness by way of a mismatch in V1 between the feedback re-
entrant signal for the target stimulus that has already offset and the
feedforward signal of the mask that is left on the screen during the de-
layed mask offset period on masked trials (Di Lollo et al., 2000). This
mechanism of low-level reentrant signal integration has been further in-
vestigated and supported by some recent studies utilizing measures of
neural activity. One study employing EEG measures of the cascade of
visual processes occurring during an OSM task showed that the differ-
ence in ERP activity between seen and unseen targetswithin themasked
condition appears after the initial sweep of feedforward activity,with the
visual-evoked P1 responses that reflect early extrastriate activity being
unaffected (latency 80–120ms), but with later activity over the occipital
pole between 130 and 170ms poststimulus being reduced in the case of
unseen (i.e., effectively masked) targets (Harris et al., 2013). An earlier
MEG study, seeking to identify the anatomical locus of disruption,
modeled sources of activity differences during the time period immedi-
ately following initial feedforward signaling in V1, which also supported
the idea that differential low-level recurrent activity is responsible for
the behavioral effects of OSM (Boehler et al., 2008). Finally, an earlier
study employing hemodynamic measures localized effective masking
to a network of brain regions including striate cortex as well as later ob-
ject-processing-related regions (Weidner et al., 2006).

In light of this converging evidence for a low-level reentrantmecha-
nism of disruption in OSM, the present results show that a feedforward
signal corresponding to an initial target/distracter array that contains a
reward-associated feature is sufficient to enhance the capture of atten-
tion even in the absence of awareness. Thus, the detection of a reward-
associated feature by the visual system, much like the more general
shifting of attention it enhances, is subserved by processes parallel to,
andmostly independent from, the disrupted reentrant process underly-
ing the OSM perceptual effect (Woodman and Luck, 2003).

OSM and attentional deployment reflected in the N2pc

Although themain effects of rewardassociation of the targets within
theOSM taskwere of primary interest, the dynamics of theN2pc as a re-
flection of attentional deployment in the context of OSM should also be
noted. Here, the mean amplitude of the N2pc was not affected by the
masking by object substitution. In addition, within the masked

Image of Fig. 3


Fig. 4. Color-target OSM. A. Cortical source estimations for the N2pc difference wave extracted for the unmasked condition of the color-target OSM task. Current source density modeling
localized the N2pc difference at its peak (250 ms) to bilateral ventral–occipital–temporal regions. B. Topographical field distribution for the N2pc peak difference, with the selected peak
channels indicated by black ovals. C. N2pc extracted for unmasked targets of a previously unrewarded (black trace) and rewarded (green trace) color. D. Cortical source estimations for the
N2pc difference wave extracted for themasked condition of the color-target OSM task. Current source density modeling localized the peak N2pc difference (250ms) to bilateral ventral–
occipital–temporal regions, as well as to early visual cortical regions. E. Topographical field distribution for the N2pc peak difference, with the selected peak channels indicated by black
ovals. F. N2pc responses as extracted for correctly identified masked targets of a previously unrewarded (black trace) and rewarded (green trace) color. Dashed traces on the lower plot
depict N2pc responses to targets of a previously unrewarded (black) or rewarded (green) color that were not correctly identified. G. A significant main effect of reward was observed
during the relevant N2pc time window (175–275 ms poststimulus), with previously reward associated color targets eliciting a higher mean amplitude N2pc than those of a previously
neutral color. H. Within the masked condition, a main effect of reward was observed during the relevant N2pc time window (175–275 ms poststimulus), which did not differ as a
function of visibility. Error bars represent standard error of the mean.
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condition, the amplitude of the N2pc did not vary as a function
of perceptual visibility as reflected by behavioral performance
(i.e., comparing the N2pc associated with hits to that associated with
missed targets). This consistently evoked N2pc is in line with previous
studies that showed an intact N2pc response across behavior within
the masked condition in OSM (Prime et al., 2011; Woodman and Luck,
2003). On the other hand, this is in contrast with our recent study
showing that the N2pc is reduced in amplitude within the masked con-
dition for targets that are effectively masked (i.e., unseen) (Harris et al.,
2013). This difference is likely explained by the fact that in the studies
showing a consistent N2pc response across behavior, the array duration
was sufficient (83 ms in both cases) for the subject to consistently shift
attention to the target location,whereas the array duration in our previ-
ous studywasmuchbriefer (17ms). As for thepresent study,which also

Image of Fig. 4
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uses a relatively short array duration (26ms), the target location was ad-
ditionally cued in a salient way, containing a previously relevant color
among greyscale distractors. This salient pop-out cuemayhave contribut-
ed to the N2pc not being reduced as a function of masking or visibility.

What makes the difference between a modulated and intact N2pc
response within the masked condition during OSM remains of interest
and merits further investigation. It is likely that, in addition to the core
mechanism of low-level reentrant signaling, fluctuations in the efficacy
of attentional deployment across a briefly presented, more uniformly
salient display also play a role in the observed effects of OSM on the
N2pc, as seen previously (Harris et al., 2013), and consistent with pro-
posed mechanisms that center on visual attention as a determinant of
masking efficacy (Poder, 2013; Smith and Ratcliff, 2009). That said,
even in the case of equivalently effective attentional deploymentwithin
the masked condition for hits and misses, disrupted reentrant signaling
can still give rise to reduced visual awareness in OSM, as it has in the
present experiment. That the effect of reward indexed by the N2pc is
present in a manner independent of perceptual visibility during OSM
further dissociates the mechanism of visual awareness disruption
from attentional capture.

Conclusion

The present study examined the perseverance of implicit attentional
capture by reward-associated features across conditions of awareness
as disrupted by object-substitution masking. The current findings dem-
onstrate that a new, arbitrary reward-associated feature, when later
embedded in visual targets in a separate, unrewarded OSM task, con-
tinues to capture attention even when that target does not reach per-
ceptual awareness. Overall, the present findings underscore the ability
of feature-based reward-associations to shape attentional capture and
allocation outside of perceptual awareness.

Acknowledgments

The authors would like to thank Steffi Bachmann and Stefan Knape
for technical support and assistance in MEG data acquisition. This
work was supported by DFG SFB 779 TPA1.

References

Anderson, B.A., Laurent, P.A., Yantis, S., 2011a. Learned value magnifies salience-based at-
tentional capture. PLoS ONE 6 (11), e27926. http://dx.doi.org/10.1371/journal.pone.
0027926.

Anderson, B.A., Laurent, P.A., Yantis, S., 2011b. Value-driven attentional capture. Proc. Natl.
Acad. Sci. U. S. A. 108 (25), 10367–10371. http://dx.doi.org/10.1073/pnas.1104047108.

Boehler, C.N., Schoenfeld, M.A., Heinze, H.J., Hopf, J.M., 2008. Rapid recurrent processing
gates awareness in primary visual cortex. Proc. Natl. Acad. Sci. U. S. A. 105 (25),
8742–8747. http://dx.doi.org/10.1073/pnas.0801999105.

Buschschulte, A., Boehler, C.N., Strumpf, H., Stoppel, C., Heinze, H.J., Schoenfeld, M.A.,
Hopf, J.M., 2014. Reward- and attention-related biasing of sensory selection in visual
cortex. J. Cogn. Neurosci. 26 (5), 1049–1065. http://dx.doi.org/10.1162/jocn_a_00539.

Chelazzi, L., Duncan, J., Miller, E.K., Desimone, R., 1998. Responses of neurons in inferior tem-
poral cortex during memory-guided visual search. J. Neurophysiol. 80 (6), 2918–2940.

Chelazzi, L., Perlato, A., Santandrea, E., Della Libera, C., 2013. Rewards teach visual selec-
tive attention. Vis. Res. 85, 58–72. http://dx.doi.org/10.1016/j.visres.2012.12.005.

Chen, Z., Treisman, A., 2009. Implicit perception and level of processing in object-
substitution masking. Psychol. Sci. 20 (5), 560–567. http://dx.doi.org/10.1111/j.
1467-9280.2009.02328.x.

Della Libera, C., Chelazzi, L., 2006. Visual selective attention and the effects of monetary
rewards. Psychol. Sci. 17 (3), 222–227. http://dx.doi.org/10.1111/j.1467-9280.2006.
01689.x.

Di Lollo, V., Enns, J.T., Rensink, R.A., 2000. Competition for consciousness among visual
events: the psychophysics of reentrant visual processes. J. Exp. Psychol. Gen. 129
(4), 481–507.

Donohue, S.E., Hopf, J.M., Bartsch, M.V., Schoenfeld, M.A., Heinze, H.J., Woldorff, M.G.,
2016. The rapid capture of attention by rewarded objects. J. Cogn. Neurosci. 28 (4),
529–541. http://dx.doi.org/10.1162/jocn_a_00917.
Enns, J.T., Di Lollo, V., 2000. What's new in visual masking? Trends Cogn. Sci. 4 (9), 345–352.
Fuchs, M., Drenckhahn, R., Wischmann, H.A., Wagner, M., 1998. An improved boundary

element method for realistic volume-conductor modeling. IEEE Trans. Biomed. Eng.
45 (8), 980–997.

Fuchs, M., Wagner, M., Kohler, T., Wischmann, H.A., 1999. Linear and nonlinear current
density reconstructions. J. Clin. Neurophysiol. 16 (3), 267–295.

Gellatly, A., Pilling, M., Cole, G., Skarratt, P., 2006. What is being masked in object substi-
tution masking? J. Exp. Psychol. Hum. Percept. Perform. 32 (6), 1422–1435. http://dx.
doi.org/10.1037/0096-1523.32.6.1422.

Giesbrecht, B., Di Lollo, V., 1998. Beyond the attentional blink: visual masking by object
substitution. J. Exp. Psychol. Hum. Percept. Perform. 24 (5), 1454–1466.

Guthrie, D., Buchwald, J.S., 1991. Significance testing of difference potentials. Psychophys-
iology 28 (2), 240–244.

Harris, J.A., Ku, S., Woldorff, M.G., 2013. Neural processing stages during object-substitution
masking and their relationship to perceptual awareness. Neuropsychologia 51 (10),
1907–1917. http://dx.doi.org/10.1016/j.neuropsychologia.2013.05.023.

Hickey, C., van Zoest, W., 2013. Reward-associated stimuli capture the eyes in spite of strate-
gic attentional set. Vis. Res. 92, 67–74. http://dx.doi.org/10.1016/j.visres.2013.09.008.

Hickey, C., Chelazzi, L., Theeuwes, J., 2010. Reward changes salience in human vision via
the anterior cingulate. J. Neurosci. 30 (33), 11096–11103. http://dx.doi.org/10.1523/
JNEUROSCI.1026-10.2010.

Hopf, J.M., Luck, S.J., Girelli, M., Hagner, T., Mangun, G.R., Scheich, H., Heinze, H.J., 2000. Neu-
ral sources of focused attention in visual search. Cereb. Cortex 10 (12), 1233–1241.

Jiang, Y., Shannon, R.W., Vizueta, N., Bernat, E.M., Patrick, C.J., He, S., 2009. Dynamics of pro-
cessing invisible faces in the brain: automatic neural encoding of facial expression infor-
mation. NeuroImage 44 (3), 1171–1177. http://dx.doi.org/10.1016/j.neuroimage.2008.
09.038.

Kiss, M., Driver, J., Eimer, M., 2009. Reward priority of visual target singletons modulates
event-related potential signatures of attentional selection. Psychol. Sci. 20 (2),
245–251. http://dx.doi.org/10.1111/j.1467-9280.2009.02281.x.

Koivisto, M., Revonsuo, A., 2007. How meaning shapes seeing. Psychol. Sci. 18 (10),
845–849. http://dx.doi.org/10.1111/j.1467-9280.2007.01989.x.

Luck, S.J., Hillyard, S.A., 1994. Spatial filtering during visual search: evidence from human
electrophysiology. J. Exp. Psychol. Hum. Percept. Perform. 20 (5), 1000–1014.

Pegna, A.J., Landis, T., Khateb, A., 2008. Electrophysiological evidence for early non-
conscious processing of fearful facial expressions. Int. J. Psychophysiol. 70 (2),
127–136. http://dx.doi.org/10.1016/j.ijpsycho.2008.08.007.

Pesciarelli, F., Sarlo, M., Leo, I., 2011. The time course of implicit processing of facial fea-
tures: an event-related potential study. Neuropsychologia 49 (5), 1154–1161.
http://dx.doi.org/10.1016/j.neuropsychologia.2011.02.003.

Poder, E., 2013. Attentional gating models of object substitution masking. J. Exp. Psychol.
Gen. 142 (4), 1130–1141. http://dx.doi.org/10.1037/a0030575.

Prime, D.J., Pluchino, P., Eimer, M., Dell'Acqua, R., Jolicoeur, P., 2011. Object-substitution
masking modulates spatial attention deployment and the encoding of information
in visual short-term memory: insights from occipito-parietal ERP components.
Psychophysiology 48 (5), 687–696. http://dx.doi.org/10.1111/j.1469-8986.2010.
01133.x.

Qi, S., Zeng, Q., Ding, C., Li, H., 2013. Neural correlates of reward-driven attentional capture in
visual search. Brain Res. 1532, 32–43. http://dx.doi.org/10.1016/j.brainres.2013.07.044.

Reingold, E.M., Merikle, P.M., 1988. Using direct and indirect measures to study percep-
tion without awareness. Percept. Psychophys. 44 (6), 563–575.

Schoenfeld, M.A., Tempelmann, C., Martinez, A., Hopf, J.M., Sattler, C., Heinze, H.J., Hillyard,
S.A., 2003a. Dynamics of feature binding during object-selective attention. Proc.
Natl. Acad. Sci. U. S. A. 100 (20), 11806–11811. http://dx.doi.org/10.1073/pnas.
1932820100.

Schoenfeld, M.A., Woldorff, M., Duzel, E., Scheich, H., Heinze, H.J., Mangun, G.R., 2003b.
Form-from-motion: MEG evidence for time course and processing sequence.
J. Cogn. Neurosci. 15 (2), 157–172. http://dx.doi.org/10.1162/089892903321208105.

Schoenfeld, M.A., Hopf, J.M., Martinez, A., Mai, H.M., Sattler, C., Gasde, A., ... Hillyard, S.A.,
2007. Spatio-temporal analysis of feature-based attention. Cereb. Cortex 17 (10),
2468–2477. http://dx.doi.org/10.1093/cercor/bhl154.

Smith, M.L., 2012. Rapid processing of emotional expressions without conscious aware-
ness. Cereb. Cortex 22 (8), 1748–1760. http://dx.doi.org/10.1093/cercor/bhr250.

Smith, P.L., Ratcliff, R., 2009. An integrated theory of attention and decision making in
visual signal detection. Psychol. Rev. 116 (2), 283–317. http://dx.doi.org/10.1037/
a0015156.

Störmer, V., Eppinger, B., Li, S.C., 2014. Reward speeds up and increases consistency
of visual selective attention: a lifespan comparison. Cogn. Affect. Behav. Neurosci.
http://dx.doi.org/10.3758/s13415-014-0273-z.

Weidner, R., Shah, N.J., Fink, G.R., 2006. The neural basis of perceptual hypothesis gener-
ation and testing. J. Cogn. Neurosci. 18 (2), 258–266. http://dx.doi.org/10.1162/
089892906775783651.

Wetherill, R.R., Childress, A.R., Jagannathan, K., Bender, J., Young, K.A., Suh, J.J., ... Franklin,
T.R., 2014. Neural responses to subliminally presented cannabis and other emotional-
ly evocative cues in cannabis-dependent individuals. Psychopharmacology 231 (7),
1397–1407. http://dx.doi.org/10.1007/s00213-013-3342-z.

Woodman, G.F., Luck, S.J., 1999. Electrophysiological measurement of rapid shifts of
attention during visual search. Nature 400 (6747), 867–869. http://dx.doi.org/10.1038/
23698.

Woodman, G.F., Luck, S.J., 2003. Dissociations among attention, perception, and aware-
ness during object-substitution masking. Psychol. Sci. 14 (6), 605–611.

http://dx.doi.org/10.1371/journal.pone.0027926
http://dx.doi.org/10.1371/journal.pone.0027926
http://dx.doi.org/10.1073/pnas.1104047108
http://dx.doi.org/10.1073/pnas.0801999105
http://dx.doi.org/10.1162/jocn_a_00539
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0025
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0025
http://dx.doi.org/10.1016/j.visres.2012.12.005
http://dx.doi.org/10.1111/j.1467-9280.2009.02328.x
http://dx.doi.org/10.1111/j.1467-9280.2009.02328.x
http://dx.doi.org/10.1111/j.1467-9280.2006.01689.x
http://dx.doi.org/10.1111/j.1467-9280.2006.01689.x
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0045
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0045
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0045
http://dx.doi.org/10.1162/jocn_a_00917
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0060
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0065
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0065
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0065
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0070
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0070
http://dx.doi.org/10.1037/0096-1523.32.6.1422
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0080
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0080
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0085
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0085
http://dx.doi.org/10.1016/j.neuropsychologia.2013.05.023
http://dx.doi.org/10.1016/j.visres.2013.09.008
http://dx.doi.org/10.1523/JNEUROSCI.1026-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1026-10.2010
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0105
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0105
http://dx.doi.org/10.1016/j.neuroimage.2008.09.038
http://dx.doi.org/10.1016/j.neuroimage.2008.09.038
http://dx.doi.org/10.1111/j.1467-9280.2009.02281.x
http://dx.doi.org/10.1111/j.1467-9280.2007.01989.x
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0125
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0125
http://dx.doi.org/10.1016/j.ijpsycho.2008.08.007
http://dx.doi.org/10.1016/j.neuropsychologia.2011.02.003
http://dx.doi.org/10.1037/a0030575
http://dx.doi.org/10.1111/j.1469-8986.2010.01133.x
http://dx.doi.org/10.1111/j.1469-8986.2010.01133.x
http://dx.doi.org/10.1016/j.brainres.2013.07.044
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0155
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0155
http://dx.doi.org/10.1073/pnas.1932820100
http://dx.doi.org/10.1073/pnas.1932820100
http://dx.doi.org/10.1162/089892903321208105
http://dx.doi.org/10.1093/cercor/bhl154
http://dx.doi.org/10.1093/cercor/bhr250
http://dx.doi.org/10.1037/a0015156
http://dx.doi.org/10.1037/a0015156
http://dx.doi.org/10.3758/s13415-014-0273-z
http://dx.doi.org/10.1162/089892906775783651
http://dx.doi.org/10.1162/089892906775783651
http://dx.doi.org/10.1007/s00213-013-3342-z
http://dx.doi.org/10.1038/23698
http://dx.doi.org/10.1038/23698
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0210
http://refhub.elsevier.com/S1053-8119(16)30114-8/rf0210

	Reward-�associated features capture attention in the absence of awareness: Evidence from object-�substitution masking
	Introduction
	Methods
	Subjects
	Stimuli and task
	General
	Reward association induction/N2pc localizer task
	Color-target OSM task

	MEG acquisition
	Data analysis
	Behavior
	MEG
	Repositioning and source modeling
	N2pc


	Results
	Behavior
	Reward association induction task
	Color-target OSM task

	MEG
	N2pc extraction
	N2pc modulation by reward-association


	Discussion
	Reward-associated features implicitly capture attention during OSM
	OSM and attentional deployment reflected in the N2pc

	Conclusion
	Acknowledgments
	References


