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Abstract
In order to efﬁciently process incoming visual information, selective attention acts as a ﬁlter that enhances relevant and
suppresses irrelevant information. In this study, we used an event-related potential (ERP) approach with systematic
lateralization to investigate enhancement and suppression during encoding of information into visual working memory
(WM) separately. We used a change detection task in which observers had to memorize some items while ignoring other
items. We found that the to-be-ignored items elicited a PD component in the ERP, suggesting that irrelevant information is
actively suppressed from WM. The PD amplitude increased with distractor load and decreased with the ability to group
distractors according to Gestalt principles. This suggests that the PD can be used as an indicator of how efﬁciently items can
be suppressed from entering WM. Furthermore, while lateral memory-targets elicited a “traditional” CDA (starting ~300 ms),
lateral memory-distractors elicited a sustained positivity contralateral to memory-distractors (CDAp, starting ~400 ms). In
sum the results suggest that inhibition of irrelevant information is an important factor for efﬁcient WM and is reﬂected in
spontaneous (PD) and sustained suppression (CDAp).
Key words: working memory, visual attention, suppression, event-related potentials

Introduction
Our ability to maintain information in working memory (WM)
is limited to a small amount of information from the environment within a given moment (Cowan 2001; Vogel Woodman
and Luck 2001). Because the visual system is often confronted
with inputs that greatly exceed these limits, it is critical to
selectively regulate access so that only task-relevant information is represented in this ﬁnite mnemonic resource. Thus,
attentional ﬁltering of task-irrelevant information is crucial
way to optimize the operation of this limited capacity by ensuring that few resources are misspent on irrelevant information.
Indeed, numerous studies over the past decade have begun to
elucidate the critical role that this ﬁltering process plays in the
successful completion of many cognitive tasks. In particular,
individual differences in the efﬁciency of ﬁltering distracting
information are strongly predictive of an individual’s WM
capacity, suggesting that the ability to regulate access to WM is
a critical feature in an individual’s overall cognitive and

intellectual ability (Vogel et al. 2005; Astle et al. 2008; Fukuda
and Vogel 2011; Linke et al. 2011). For example, Vogel et al.
(2005) asked subjects to remember only the red items from displays containing a mix of red and blue objects while they measured the contralateral delay activity (CDA)—an event-related
potential (ERP) component that is highly sensitive to the number of items that are currently being held in WM. They
observed that while individuals with a high WM capacity managed to maintain only the task-relevant items in memory, their
low capacity counterparts unnecessarily stored both the irrelevant and relevant items in memory. This general ﬁnding has
been replicated and extended by several groups that have
observed that both neurological patients and healthy elderly
adults with low WM are slower and less effective at controlling
access to the limited representational space of WM (Fuller et al.
2005; Lee et al. 2010; Jost et al. 2011).
While it is clear that effective attentional ﬁltering is crucial
for a well-functioning WM, the precise means by which ﬁltering
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is achieved still remain unclear. This is due to the fact that
attentional ﬁltering could be achieved via the enhancement of
the targets, the active suppression of the distractors or some
combination of enhancement and suppression. A primary challenge to answering this question is that each of these alternatives would be expected to produce the same outcome: the
selective representation of targets in WM, as in the CDA results
described above. Indeed, many existing neural measures of
attentional selection are ambiguous on this point because they
generally reﬂect the consequences of attention, that could
likely be driven by some combination of enhancement and suppression mechanisms. Recently, however, a new ERP component has been reported that appears to speciﬁcally reﬂect an
active suppression mechanism that is applied to salient distractors presented within a visual search task. By using systematic stimulus lateralization procedures (Woodman and Luck
2003; Hickey et al. 2006, 2009; Feldmann-Wüstefeld and Schubö
2013a; Gaspar and Mcdonald 2014; Burra et al. 2016), the distractor positivity (PD) component reﬂecting suppression can be
disentangled from the N2pc component which is known to
reﬂect the attentional prioritization of targets. In the present
study, we seek to test whether active suppression of taskirrelevant items plays a role in successful ﬁltering of information from WM storage by measuring the PD component within
the context of a WM task.
We will test the hypothesis that ﬁltering information in WM
requires the active suppression of distracting information prior
to reaching WM. We will test this hypothesis in 3 ways. An initial test is simply whether a PD component will be observed
while subjects perform a WM ﬁltering task. While we are
unaware of any prior studies reporting a PD during a WM task,
it is fairly likely we will observe one. This is because the typical
visual search task contexts in which the PD is regularly
observed have many comparable attentional demands as WM
ﬁltering tasks in which one or more targets must be selected
amongst a ﬁeld of task-irrelevant distractors (Luria and Vogel
2011). However, a more thorough test of the contribution of distractor suppression would be whether the varying demands for
distractor exclusion modulate the amount of suppression as
measured by the PD. To do this, across 3 experiments we will
manipulate the amount of information in a display that must
be excluded from WM storage and test whether the amplitude
and duration of the PD increase with growing demands for distractor exclusion. Finally, we will test whether the amount of
distractor suppression observed for an individual subject is
related to his or her speciﬁc WM capacity. As reviewed earlier,
low WM capacity individuals are well known to have difﬁculty
excluding distracting information in many contexts (Vogel
et al. 2005; Astle et al. 2008; Fukuda and Vogel 2011; Linke et al.
2011). Consequently, if distractor suppression plays a signiﬁcant role in successfully executing this exclusion process, we
would expect that high WM capacity individuals would show
larger PD amplitudes than low capacity individuals. Indeed,
there has been a recent report of a positive correlation between
the amplitude and duration of the PD during a visual search
task and individual differences in a visual change detection
WM capacity task (Gaspar et al. 2016). Here, we will test for that
speciﬁc relationship directly by measuring both WM capacity
and PD in a change detection task. To obtain adequate statistical power, we will test for this relationship by pooling all of the
subjects across the 3 experiments (N = 90). We also expect to
observe an N2pc and CDA component that typically occur in
lateralized change detection tasks and reﬂect selection and

maintenance of relevant information. Since we only manipulated
distractor, but not target features, we do not have any a priori
assumptions about their modulation in the present study.

Methods
Rationale and Overview
The present study seeks to translate the logic of the systematic
lateralization approach from visual search to visual WM.
Rather than separately lateralizing targets and distractors in a
search task, we will separately lateralize them in a change
detection task. In half the trials colored squares, serving as targets, were presented laterally while colored circles, serving as
distractors, were presented on the vertical midline. These trials
allowed us to isolate the pure target-related activity by measuring the lateralized activity (contra minus ipsilateral to distractors)
because distractors could not affect the lateralized ERP. In the
other half of the trials, targets were presented on the vertical
midline and distractors were presented laterally. Analogously,
these trials allowed us to isolate the distractor-related activity
because targets could not affect the lateralized ERP (Hickey et al.
2009, 2010, 2011). This systematic lateralization approach allowed
us to isolate the distractor-related activity and to investigate if a
PD component can be observed in a WM task which would suggest that active suppression is involved in maintaining relevant
information in WM and reducing unnecessary storage of irrelevant items. If distractors in a WM task elicited a PD, we can furthermore examine how active suppression varies as a function
of ﬁltering needs, for example, by using different distractor loads.
In Experiments 1 and 2, the number of targets was kept constant while the number of distractors varied between 2 and 4
(Experiment 1) or between 2, 4, and 6 (Experiment 2). This
allowed us to investigate how an increasing distractor load renders suppression of irrelevant information more effortful.
Finally in Experiment 3 we kept both the number of targets (2)
and the number of distractors (4) stable but varied the color
homogeneity of the distractors: the 4 distractors had unique
colors (heterogeneous) or had 2 colors, that is, 2 pairs of equally
colored distractors were shown. This allowed us to investigate
how grouping of similar distractors facilitates suppression of
irrelevant information. In all 3 experiments we measured WM
capacity (K) in a separate standard change detection task prior to
performing the WM ﬁltering task in which we measure the PD.

Experiment 1
Participants
Overall, 31 volunteers naïve to the objective of the experiment
participated for payment (~15 USD per hour). The data of 5 participants were excluded from the analysis because fewer than
100 trials per condition remained after exclusion of incorrect
trials and trials contaminated with eye-related artifacts (see
below for criteria). The remaining 26 participants (13 males)
were all but one right-handed, aged 18–28 years (M = 21.2, SD =
2.6) and reported normal or corrected-to-normal visual acuity as
well as normal color vision. The experiment was conducted with
the written understanding and consent of each participant.
Apparatus
Participants were seated in a comfortable chair in a dimly lit,
electrically shielded and sound attenuated chamber. Participants
responded with button presses on a standard keyboard that was
placed in front of them. Stimulus presentation and response
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collection were controlled by a Windows PC using PsychToolBox
3 routines in Matlab (version 8.6.0). All stimuli were presented on
a LCD-TN screen (BenQ XL2430-B) placed at 110 cm distance from
participants.

Stimuli
In the WM ﬁltering task, memory displays showed colored
squares, serving as targets and colored and grey circles, serving
as distractors. In the distractor load 2 condition, 2 colored
squares, 2 colored circles, and 4 grey circles (2 groups of 2) were
presented. In the distractor load 4 condition, 2 colored squares,
4 colored circles, and 6 grey circles (1 group of 2 and 1 group
of 4) were presented. Squares had a side length of 0.9° visual
angle and circles had a diameter of 1.0° (squares and circles
covered the same area, viz., 3600 pixels). Colors for squares and
circles were drawn randomly from a set of 9 colors (RGB values:
red [255-0-0], light green [0-255-0], blue [0-0-255], yellow [255255-0], magenta [255-0-255], cyan [0-255-255], dark green [2080-20], purple [50-0-100], and orange [255-128-0]). No color was
repeated within one memory display. Grey for uncolored circles
was 128-128-128 and matched to the average luminance of the
colors (175 cd/m2). Items were presented in 4 groups, one
groups of colored squares (target group), one group of colored
circles (salient distractor group) and 2 groups of grey circles
(neutral distractor group), see Figure 1A. Each group was presented in 1 of 4 positions. Two groups were on the vertical midline, 3.4° above and below the center of the screen (measured
from the center of the screen to the center of the group). The
remaining 2 positions were on the horizontal midline, 3.4° left
and right of the center of the screen (center–center). In the target lateral condition (50% of the trials), the target group was
presented in the left or right position (equiprobably) and the
salient distractor group was presented in the top or bottom
position (equiprobably). In the remaining 50% of the trials, this
was inversed. The remaining positions were ﬁlled with neutral
distractor groups. Target groups and salient distractor groups
never appeared both on the left/right or both on the top/bottom
position. Neutral distractor groups always consisted of an equal
number of items as the target group/distractor group on the
opposite side. The distance between 2 items within a group
was 1.2° (center to center). All items had dark grey (32-32-32)
outlines of 2 pixels width. The retention interval display
showed a ﬁxation cross and the outlines of all items from the
memory display (without any color). The probe display also
showed the ﬁxation cross and the outlines, and in addition one
of the 2 or 4 squares was ﬁlled with color. In 50% of the trials,
the color was identical to the color shown in the memory display at this location. In the remaining 50% of the trials, the
color was chosen randomly as 1 of the other 8 colors.
Prior to the WM ﬁltering task, a standard change detection
task (without systematic lateralization and without distractors)
was used to measure K as an estimate for participants’ WM
capacity. The 4, 6, or 8 squares identical in size and color to the
WM ﬁltering task were shown without circles. Squares were
randomly distributed across the visual ﬁeld with the constraint
that items had to be at least 1.5 times apart from each other,
that the left and right hemiﬁeld had the same number of items,
and that the upper and lower hemiﬁeld had (as close as possible) the same number of items. No outlines were shown during
memory display, retention interval or probe display. The memory display showed one of the squares from the memory display, in 50% of the trials in the same and in the remaining 50%
of the trials in a different color from the memory display,
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Figure 1. (A) Memory displays used in the WM ﬁltering task in Experiment 1–3.
The left column shows memory displays in which targets are presented laterally and distractors are presented on the vertical midline. These trials
allowed to isolate target-related processing and extract target-elicited lateralized ERP components (N2pc, CDA). The right column shows memory displays
in which distractors are presented laterally and targets are presented on the
vertical midline. These trials allowed to isolate distractor-related processing
and extract distractor-elicited lateralized ERP components (early PD, PD, CDAp).
In Experiment 1, two targets were presented together with two or four distractors. In Experiment 2, in addition, six distractor could be presented. In
Experiment 3, two targets and four distractors were presented in each trial; the
distractor could be homogeneous or heterogeneous. (B) Shows a trial sequence.
Each trial started with a ﬁxation cross that was followed by the memory display. Subsequently an empty screen (with just placeholders) was presented
before a probe appeared at one of the previous target locations. Participants
had to decide whether the probe had the same color as the target previously
presented at the same location.

similar to the WM ﬁltering task. The standard change detection
task was used to make results more comparable to previous
studies and to have a sufﬁciently high number of memory
items that would allow a better estimate of the WM capacity
(larger set sizes allow more reliable estimates of K) (Adam and
Vogel 2016).
Procedure
The procedure was identical for the standard change detection
task and the WM ﬁltering task. A trial started with a ﬁxation
cross (RGB: 60-60-60; 0.3°) that was presented for 500 ms
(Fig. 1B). Then, the memory display was presented for 200 ms in
addition to the ﬁxation cross. Participants were instructed to
remember the color and location of the rectangles. In the WM
ﬁltering task, participants were furthermore instructed to
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Figure 2. (A) Experiment 1. Grand average ERPs recorded at PO7/PO8, elicited by memory displays with lateral targets (left panels) and lateral distractors (right panels).
Upper panels show activity in trials with 2 distractors, lower panels for 4 distractors. Red lines reﬂect activity contralateral and blue lines activity ipsilateral to the
lateralized items. Grey shades indicate the analysis time window that was used to calculate mean amplitude of ERP components (N2pc, early PD, PD, CDA, CDAp).
(B) Shows the same data as (A) but as difference waves (contra minus ipsi). (C) Shows the mean amplitude for the PD. Error bars indicate the standard error of the
mean (corrected for individual differences; Cousineau 2005). Light blue indicates lateralized activity for trials with 2 distractors, dark blue for 4 distractors. All waveforms were low-pass ﬁltered at 30 Hz (half power cutoff, 24 dB) using digital ﬁltering.

ignore all circles and (correctly) informed that circles cannot
change color between the memory and probe display. The
memory display was followed by a retention interval of
1000 ms; this was a black screen with a ﬁxation cross in the
pretest; in the WM ﬁltering task, the outlines of the memory
items were shown additionally in order to make it easier for
observers to not confuse the 2/4 target items that were in close
proximity. The probe display followed and was presented until
participants pressed one of the 2 buttons. Participants were
instructed to press the left button (“z”) with their left index ﬁnger for “same color” (square at probed location did not change
color compared with the memory display) and to press the
right button (“?”) with their right index ﬁnger for “different
color” (square at probed location did change color). They were
instructed to respond as accurately as possible. The trial ended
with the button press and a black screen was presented during
an 1000 ms intertrial interval. The onset of the next ﬁxation
cross indicated the start of a new trial.
Prior to the pretest, participants performed a couple of practice trials that were identical to the pretest with the exception
that immediate feedback (“correct”, “wrong”) was provided

after each button press before the next trial started. The practice was aborted when participants indicated they understood
the task and felt conﬁdent doing the task. No practice for the
WM ﬁltering task was provided. The pretest consisted of 144
trials (4 blocks of 36 trials), 48 trials for each set size of 4, 6, or 8
targets. The WM ﬁltering task consisted of 800 trials (25 blocks
of 32 trials), 200 trials for each of the condition of the 2 × 2
design matrix: Set size (2 vs. 4) × laterality (lateral targets vs.
lateral distractors). Average performance (change detection
accuracy) and a minimum break of 30 s were provided after
each block for both the pretest and the WM ﬁltering task.

EEG Recording
EEG was recorded with Ag–AgCl active electrodes (BrainProducts
actiCap) from 32 scalp sites (according to the International 10/
20 System: FP1/2, F7/8, F3/4, Fz, FC5/6, FC1/2, C3/4, Cz, TP9/10,
CP5/6, CP1/2, P7/8, P3/4, PO7/8, PO3/4, Pz, O1/2, Oz). Horizontal
and vertical EOGs were recorded with passive electrodes bipolarly from the outer canthi of the eyes and from above and
below the observers’ right eye, respectively. FPz served as the
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ground electrode and all electrodes were referenced to TP10
and re-referenced off-line to the average of all electrodes.
Impedances for active electrodes were kept below 10 kΩ.
Sampling rate was 1000 Hz with a high cutoff ﬁlter of 125 Hz
and a low cutoff ﬁlter of 0.01 Hz (half power cutoff, 24 dB
rolloff).
Data Analysis
Behavioral data. To calculate the WM capacity measure K, hit
rate (ratio of correctly identiﬁed changes) and correct rejection
rate (ratio of correctly identiﬁed color repetitions) were calculated separately for each set size in the WM ﬁltering task. K for
each distractor load was calculated as: KSetSize = Set size × Hit
rate × (1-correct rejection rate) and forwarded to a t-test for
dependent measures to evaluate the effect of distractor load on
WM capacity. Both K and RT was analyzed for trials used in the
EEG analysis (see below). For the pretest, K was calculated
across Set sizes since this was not a variable of interest.
EEG data. EEG was not analyzed for the pretest as no systematic
lateralization of targets/distractors or a lateralized cue was
used in that task. For the WM ﬁltering task, EEG was averaged
off-line over a 1200-ms epoch including a 200-ms prestimulus
baseline with epochs time-locked to memory display onset.
Trials with incorrect responses and blinks or saccades between
0 ms and 800 ms were excluded from analysis. Blinks were
deﬁned by an absolute amplitude of the vertical EOG exceeding
100 μV. Saccades were deﬁned by an amplitude difference of
the horizontal EOG of more than 25 μV for the average ERP in a
50 ms window compared with the average of the succeeding
50 ms window (step criterion). Additionally, segments were
excluded from further analysis on an individual-channel basis
when the absolute voltage exceeded 100 μV. Data from 5 participants for whom less than 100 trials per condition remained
(because of artifacts or incorrect responses) were not used for
data analyses. The remaining 26 participants had 15.9 % of
unusable trials on average (SD = 8.8%).
Mean contralateral and ipsilateral activity in the ERP was
calculated for each participant for the electrode pool PO7/8,
separately for each set size, each laterality condition, and separately for sites contra- and ipsilateral to the targets/distractors,
resulting in 8 waveforms. To determine the epochs used for
statistical analyses of various ERP components, both the lateralized ERP (contra minus ipsi) for trials with lateral targets and
for trials with lateral distractors were collapsed across set size
conditions (“condition blind”), resulting in 2 waveforms, showing lateralized activity due to targets and lateralized activity
due to distractors. The target-N2pc epoch was determined as
± 50 ms from the most negative peak between 200 ms and
300 ms in the lateral-targets grand average waveform. The PD
epoch was determined as ± 50 ms from the most positive peak
between 250 ms and 350 ms in the lateral-distractors waveform.
The mean amplitude for these time windows was calculated
separately for laterality (contra versus ipsi), each distractor
load (2 vs. 4), and each participant. This resulted in 4 values for
each component (N2pc, PD) and each participant. For each
component, a 2-way ANOVA with the within-subjects factors
laterality (contra, ipsi) and distractor load (2, 4) was calculated.
Unsurprisingly, visual inspection of the lateralized waveforms showed that the CDA did not show a clear peak. We used
an analysis epoch of maximally 350–750 ms for the CDA.
Within that time window, the starting point of the analysis
epoch was determined as the ﬁrst point in time when (across
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conditions) the amplitude was negative (CDA). The end point of
the analysis epoch was determined as the ﬁrst point after the
starting point when (across conditions) the amplitude was positive (CDA). Mean amplitude within these epochs was calculated
and forwarded to a 2-way ANOVA with the within-subjects factors laterality (contra, ipsi) and distractor load (2, 4).
The inter-relation between WM capacity and neural markers
of attention and WM was investigated by computing Pearson’s
product–moment correlation for mean K (N*(hit rate – false
alarm rate)/(1 – false alarm rate)) in the pretest and the mean
amplitude of each ERP component in the WM ﬁltering task.
Components based on signed area were corrected for noise by
subtracting the singed-area baseline activity before correlating
them. As measures of effect size, partial eta squared (η2) is
reported for ANOVAs. Greenhouse-Geisser correction was applied
in all analyses when appropriate.

Results Experiment 1
Behavioral Data
The response time (RT) for distractor load 2 (M = 675 ms) and
distractor load 4 (M = 669 ms) were only marginally different,
t(25) = 1.47, P = 0.077. The WM capacity (K) for distractor
load 2 (M = 1.64) and distractor load 4 (M = 1.67) were only
marginally different, t(25) = 1.60, P = 0.062. Note that the theoretical maximum K in this Experiment is 2 as there were
always 2 targets.

Target-N2pc (239–339 ms)
Targets elicited an N2pc (Fig. 2), that is, a more negative deﬂection in the ERP at electrodes contralateral (M = 0.19 μV) than at
electrodes ipsilateral to targets (1.20 μV), main effect of laterality, F(1,25) = 15.81, P = 0.001, η2 = 0.387. The mean amplitude
was more positive for distractor load 4 (M = 0.94 μV) than for
distractor load 2 (M = 0.45 μV), main effect of distractor load, F
(1,25) = 15.02, P = 0.001, η2 = 0.375. There was no interaction of
laterality and distractor load, P = 0.106.

Distractor Positivity (244–344 ms)
Distractors elicited a PD, that is, a more positive deﬂection in
the ERP at electrodes contralateral (M = 0.72 μV) than at electrodes ipsilateral to distractors (0.35 μV), main effect of laterality,
F(1,25) = 11.47, P = 0.002, η2 = 0.315. The mean amplitude was
more positive for distractor load 4 (M = 0.77 μV) than for distractor load 2 (M = 0.30 μV), main effect of distractor load, F(1,25) =
9.45, P = 0.005, η2 = 0.274. The PD was larger for distractor load 4
(ΔM = 0.64 μV) than 2 (ΔM = 0.11 μV), interaction of laterality
and distractor load, F(1,25) = 14.51, P = 0.001, η2 = 0.367. Followup t-tests showed that the PD was reliable for distractor load 4
(t(25) = 4.53, P < 0.001), but not for distractor load 2 (t(25) = 0.92,
P = 0.183).

CDA (350–750 ms)
Targets elicited an CDA, that is, a more negative deﬂection in
the ERP at electrodes contralateral (M = −2.88 μV) than at electrodes ipsilateral to targets (M = −1.38 μV), main effect of laterality, F(1,25) = 24.61, P < 0.001, η2 = 0.496. No other effects were
signiﬁcant (all P > 0.633).
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Exploratory Analyses
From the literature, there is at least one component that often
co-occurs with the PD component in displays with lateralized
stimuli, the early PD (also termed Ppc, positivity posterior contralateral). The early PD can be elicited by targets or distractors
(Corriveau et al. 2012) and was argued to reﬂect initial processing of stimuli or to represent physical salience (Fortier-Gauthier
et al. 2012; Jannati et al. 2013). A recent study challenged the
notion that the early PD merely reﬂects salience processing
(Weaver et al. 2017). The authors found that the amplitude of
the distractor-elicited early PD predicted the accuracy for
reporting a concurrently presented target, suggesting that the
early PD reﬂects early distractor suppression interpretation. As
the reliability of these components as well as the cognitive
mechanisms that they reﬂect still remain unclear, we had no a
priori predictions regarding the presence and modulation of
the early PD. Visual inspection of the lateralized waveforms
showed an early PD along with a late contralateral positivity in
a similar time range as the CDA that we will refer to as CDAp
(CDA of positive polarity).
Early PD
The early PD epoch was determined similarly to the N2pc and
PD, as ±50 ms from the most positive peak between 100 ms and
200 ms in the lateral-targets waveform (82–182 ms) and in the
lateral-distractors waveform (90–190 ms). Targets elicited an
early PD, that is, a more positive deﬂection in the ERP at electrodes contralateral (M = −1.96 μV) than at electrodes ipsilateral
to targets (M = −2.30 μV), main effect of laterality, F(1,25) = 8.89,
P = 0.006, η2 = 0.262. No other effects were signiﬁcant (all P >
0.519). Distractors also elicited an early PD, that is, a more positive
deﬂection in the ERP at electrodes contralateral (M = −2.38 μV)
than at electrodes ipsilateral to distractors (M = −2.80 μV), main
effect of laterality, F(1,25) = 13.16, P = 0.001, η2 = 0.345. The
distractor-elicited early PD was larger for distractor load 4 (ΔM =
0.61 μV) than 2 (ΔM = 0.22 μV), interaction of laterality and distractor load, F(1,25) = 13.69, P = 0.001, η2 = 0.354. Follow-up t-tests
showed that the distractor-elicited early PD was reliable for both
distractor load 4 (P < 0.001, t(25) = 4.54), and distractor load 2 (P =
0.036, t(25) = 1.89).
CDAp
The distractor-elicited positive CDA (CDAp) was analyzed similarly to the CDA but with inversed polarity (i.e., ﬁrst time point
within 350–750 ms with positive amplitude until ﬁrst time point
within 350–750 ms with negative amplitude, across conditions).
The CDAp time window was determined as 424–750 ms. Results
showed that there was no main effect of laterality or distractor
load (all P > 0.210), but an interaction of laterality and distractor
load revealed that the amplitude of the lateralized ERP was
modulated by distractor load, F(1,25) = 4.67, P = 0.040, η2 = 0.157.
Follow-up t-tests showed that for distractor load 2, no lateralized ERP was found (ΔM = −0.09 μV), t(25) = 0.64, P = 0.265,
whereas for distractor load 4, distractors elicited a CDAp, that
is, a more positive deﬂection in the ERP at electrodes contralateral than at electrodes ipsilateral to distractors (ΔM = 0.24 μV), t
(25) = 2.29, P = 0.015.

Intermediate Discussion
Experiment 1 showed that when ﬁltering needs increase due to
a larger number of salient distractors, a larger PD component
was observed. This is the ﬁrst direct evidence that active

suppression as reﬂected in the PD component is involved in
encoding stimuli into WM. The N2pc and the CDA component
were not modulated by the number of distractors, suggesting
that attentional prioritization and maintenance of relevant
items in WM was not modulated by distractor load. A novel
component, the CDAp was identiﬁed, suggesting sustained suppression of locations that show irrelevant, potentially distracting information. An open question is how much suppression
can be applied to distractors during WM encoding. It is known
that the CDA as a marker of WM maintenance increases with
the number of items stored in WM up to a point that corresponds to an individual’s WM capacity (Vogel and Machizawa
2004). Experiment 2 will address if there is an upper limit for
suppression, that is, a “suppression capacity” as well by further
increasing the number of distractor to 6.

Methods Experiment 2
Participants
Overall, 37 volunteers naïve to the objective of the experiment
participated for payment (~15 USD per hour). The data of 5 participants were excluded from data analysis because fewer than
100 trials per condition remained after exclusion of incorrect
trials and trials contaminated with eye-related artifacts. The
remaining 32 participants (16 males) were all but 5 righthanded, aged 18–32 years (M = 25.0, SD = 3.7) and reported normal or corrected-to-normal visual acuity as well as normal
color vision. The experiment was conducted with the written
understanding and consent of each participant.

Stimuli, Procedure and Data Analysis
Identical to Experiment 1 if not otherwise noted. The number
of targets was always 2 and the number of distractors was 2, 4,
or 6. The spatial arrangement for 2 and 4 distractors was identical to Experiments 1 (Fig. 1A). When 6 distractors were presented, they appeared in 2 columns of 3 rows, with the
identical inter-item distance as in Experiments 1 (Fig. 1). To
keep the number of trials per condition identical, the WM ﬁltering task consisted of 1200 trials, presented in 40 blocks of 30
trials. The number of neutral distractors (grey circles) was again
matched to the number of salient distractors (colored circles),
that is, there were 2, 4, or 6 grey circles in the opposite position
from the 2, 4, or 6 colored circles. EEG was recorded with the
same system and recording settings and from the dame sites
as in Experiments 2 and 3. To increase reliability of the WM
capacity measure K, the number of trials in the standard
change detection task was increased by 72 to a total number of
216 trials, presented in 6 blocks of 36 trials. Participants had
14.9% of unusable trials on average (SD = 10.0). Analysis epochs
were determined as in Experiment 1, see results for each
component.

Results Experiment 2
Behavioral Data
RT was not modulated by distractor load, F(2,62) = 2.33, P =
0.105., η2 = 0.070. The WM capacity (K) for trials with 2 (M =
1.73), 4 (M = 1.76), and 6 distractors (M = 1.75) was not statistically different, F(2,62) = 2.01, P = 0.143. Note that the theoretical
maximum K in this Experiment is 2 as there were always 2
targets.
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Figure 3. (A) Experiment 2. Grand average ERPs recorded at PO7/PO8, elicited by memory displays with lateral targets (left panels) and lateral distractors (right panels).
Upper panels show activity in trials with 2 distractors, middle panels for 4 distractors, and lower panels for 6 distractors. Red lines reﬂect activity contralateral and
blue lines activity ipsilateral to the lateralized items. Grey shades indicate the analysis time window that was used to calculate mean amplitude of ERP components
(N2pc, early PD, PD, CDA, CDAp). (B) Shows the same data as (A) but as difference waves (contra minus ipsi). (C) Shows the mean amplitude for the PD. Error bars indicate the standard error of the mean (corrected for individual differences; Cousineau 2005). Light blue indicates lateralized activity for trials with 2 distractors, dark
blue for 4 distractors, and purple for 6 distractors. All waveforms were low-pass ﬁltered at 30 Hz (half power cutoff, 24 dB) using digital ﬁltering.

Target-N2pc (209–309 ms)

Distractor Positivity (245–345 ms)

Targets elicited an N2pc (Fig. 3), that is, a more negative deﬂection in the ERP at electrodes contralateral (M = 0.51 μV) than at
electrodes ipsilateral to targets (M = 1.33 μV), main effect of
laterality, F(1,31) = 19.60, P < 0.001, η2 = 0.387. The mean amplitude was modulated by distractor load, being smallest for distractor load 2 (M = 0.30 μV), larger for distractor load 4 (M =
1.15 μV) and largest for distractor load 6 (M = 1.30 μV), main
effect of distractor load, F(2,62) = 35.28, P < 0.001, η2 = 0.532.
The N2pc was not modulated by distractor load, no interaction
of laterality and distractor load, F(2,62) = 0.92, P = 0.404,
η2 = 0.029.

Distractors elicited a PD, that is, a more positive deﬂection in
the ERP at electrodes contralateral (M = 1.19 μV) than at electrodes ipsilateral to distractors (M = 0.69 μV), main effect of laterality, F(1,31) = 23.05, P < 0.001, η2 = 0.426. The mean amplitude
was modulated by distractor load, being smallest for distractor
load 2 (M = 0.56 μV), larger for distractor load 4 (M = 0.89 μV) and
largest for distractor load 6 (M = 1.37 μV), main effect of distractor load, F(2,62) = 21.29, P < 0.001, η2 = 0.407. The PD was modulated by distractor load and was smallest for distractor load 2
(ΔM = 0.22 μV), larger for distractor load 4 (ΔM = 0.60 μV) and
largest for distractor load 6 (ΔM = 0.70 μV), interaction of
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laterality and distractor load, F(2,62) = 8.35, P = 0.001, η2 = 0.212.
Follow-up t-tests showed that the PD was reliable for all distractor loads (all P ≤ 0.019). The PD was smaller for distractor
load 2 than for distractor load 4 (P = 0.002, t(31) = 3.08) and distractor load 6 (P < 0.001, t(31) = 4.16) but there was no reliable
difference in PD amplitude for distractor load 4 and 6 (P = 0.226,
t(31) = 0.76).

CDA (350–750 ms)
Targets elicited an CDA, that is, a more negative deﬂection in
the ERP at electrodes contralateral (M = −2.26 μV) than at electrodes ipsilateral to targets (M = −1.10 μV), main effect of laterality, F(1,31) = 42.31, P < 0.001, η2 = 0.577. The CDA was
modulated by distractor load and was largest for set size 2
(ΔM = −1.28 μV), smaller for distractor load 4 (ΔM = −1.23 μV)
and smallest for distractor load 6 (ΔM = −0.96 μV), interaction of
laterality and distractor load, F(2,62) = 4.33, P = 0.017, η2 = 0.122.
Follow-up t-tests showed that the CDA was reliable for all distractor loads (all P < 0.001). The CDA was smaller for distractor
load 6 than for distractor load 2 (P = 0.007, t(31) = 2.60), and

distractor load 4 (P = 0.011, t(31) = 2.42), but distractor loads 2
and 4 showed similar CDA amplitudes (P = 0.350).

Exploratory Analyses
PD for High Versus Low WM Capacity Individuals
Past research showed that the CDA amplitude increases with
the number of items maintained in WM up to a point that corresponds to an individual’s WM capacity (Vogel and Machizawa
2004). In order to test if individuals also have a limit of how
much suppression they can apply to irrelevant items, that is, a
suppression capacity, we split participants into 2 groups, below
versus above median K (Fig. 3 C). For low K participants, the PD
was smaller for distractor load 2 than for distractor load 4 (P =
0.015, t(31) = 2.39) and distractor load 6 (P = 0.041, t(31) = 1.87),
but there was no reliable difference in PD amplitude for distractor loads 4 and 6 (P = 0.299, t(31) = 0.54). For high K participants,
the PD was smaller for distractor load 2 than for distractor load
4 (P = 0.038, t(31) = 1.90) and smaller than for distractor load 6
(P < 0.001, t(31) = 4.20). Importantly, there was also a reliable

A

B

C

Figure 4. (A) Experiment 3. Grand average ERPs recorded at PO7/PO8, elicited by memory displays with lateral targets (left panels) and lateral distractors (right panels).
Upper panels show activity in trials with heterogeneous distractors (4 colors), lower panels for homogeneous distractors (2 colors). Red lines reﬂect activity contralateral and blue lines activity ipsilateral to the lateralized items. Grey shades indicate the analysis time window that was used to calculate mean amplitude of ERP components (N2pc, early PD, PD, CDA, CDAp). (B) Shows the same data as (A) but as difference waves (contra minus ipsi). (C) Shows the mean amplitude for the PD. Error
bars indicate the standard error of the mean (corrected for individual differences; Cousineau 2005). Light blue indicates lateralized activity for trials with heterogeneous distractors, dark blue for homogeneous distractors. All waveforms were low-pass ﬁltered at 30 Hz (half power cutoff, 24 dB) using digital ﬁltering.
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difference in PD amplitude for distractor loads 4 and 6 (P =
0.021, t(31) = 2.22).

Early PD
The early PD epoch was determined similarly to the N2pc and
PD, as ±50 ms from the most positive peak between 100 ms and
200 ms in the lateral-targets waveform (86–186 ms) and in the
lateral-distractors waveform (89–189 ms). Targets elicited an
early PD, that is, a more positive deﬂection in the ERP at electrodes contralateral (M = −0.84 μV) than at electrodes ipsilateral
to targets (M = −1.24 μV), main effect of laterality, F(1,31) =
15.12, P < 0.001, η2 = 0.328. The amplitude of the target-elicited
early PD was not modulated by distractor load (P = 0.322).
Distractors also elicited an early PD, that is, a more positive
deﬂection in the ERP at electrodes contralateral (M = −1.10 μV)
than at electrodes ipsilateral to distractors (M = −1.68 μV), main
effect of laterality, F(1,31) = 39.14, P < 0.001, η2 = 0.558. The
amplitude of the distractor-elicited early PD was modulated by
distractor load and was largest for distractor load 6 (ΔM =
0.79 μV), followed by distractor load 4 (ΔM = 0.61 μV) and distractor load 2 (ΔM = 0.32 μV), interaction of laterality and distractor
load, F(2,62) = 11.10, P < 0.001, η2 = 0.264. Follow-up t-tests
showed that the distractor-elicited early PD was reliable for all
distractor loads (all P < 0.001). The distractor-elicited early PD
was smaller for distractor load 2 than for distractor load 4 (P =
0.002, t(31) = 3.08) and distractor load 6 (P < 0.001, t(31) = 5.14) but
there was no reliable difference for distractor loads 4 and 6 (P =
0.064, t(31) = 1.56).
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Methods Experiment 3
Participants
Overall, 36 volunteers naïve to the objective of the experiment
participated for payment (~15 USD per hour). The data of no
participant had to be excluded. The participants (18 male) were
all but 2 right-handed, aged 18–29 years (M = 22.9, SD = 3.2),
and reported normal or corrected-to-normal visual acuity as
well as normal color vision. The experiment was conducted with
the written understanding and consent of each participant.

Stimuli, Procedure, and Data Analysis
Identical to Experiment 1 with the following exceptions. The
number of targets was always 2 and the number of distractors
was always 4. In 50% of the trials, however, only 2 colors were
used for the 4 distractors, that is, there were 2 pairs of the
same color. In the remaining 50% of the trials, 4 different colors
were used for the distractors (as in Experiment 1, see Fig. 1,
lower panels). The number of neutral distractors (grey circles)
was again matched to the number of salient distractors (colored circles), that is, there were always 4 grey circles in the
opposite position from the 4 colored circles. EEG was recorded
with the same system and recording settings and from the
dame sites as in Experiment 1. Participants had 19.2 % of unusable trials on average (SD = 10.4). Analysis epochs were determined as in Experiment 1, see results for each component.

Results Experiment 3
CDAp
The CDAp time window was determined as 392–750 ms.
Distractors elicited a CDAp, that is, a more positive deﬂection
in the ERP at electrodes contralateral (M = −1.62 μV) than at
electrodes ipsilateral to targets (M = −1.75 μV), main effect of
laterality, F(1,31) = 4.62, P = 0.039, η2 = 0.130. The CDAp was not
modulated by distractor load, no interaction of laterality and
distractor load, F(2,62) = 0.05, P = 0.922, η2 = 0.002.

Behavioral Data
The RT for trials with homogeneous and heterogeneous distractors was identical (M = 643 ms), t(35) = 0.04, P = 0.484. The
WM capacity (K) for trials with homogeneous (M = 1.65) and
heterogeneous distractors (M = 1.63) showed no reliable difference, t(35) = 1.27, P = 0.107. Note that the theoretical maximum
K in this Experiment is 2 as there were always 2 targets.

Target-N2pc (209–309 ms)

Intermediate Discussion
Experiment 2 replicated the ﬁnding from Experiment 1 that the
PD component was larger for distractor load 4 than distractor
load 2. Interestingly, the PD component did not further increase
for distractor load 6, suggesting that the average suppression
capacity was around 4 distractors. This pattern was however
different for individuals with high- versus low-WM capacity.
While low-WM capacity participants indeed showed no
increase in PD from distractor loads 4 to 6, high-WM capacity
participants showed a further increase. Thus, one reason for
individuals’ good WM performance might be their ability to
apply more suppression in cases with high ﬁltering demands.
Apart from the number of distractors, distractor heterogeneity
is another factor that affects attention deployment. More heterogeneous distractors are harder to suppress and make attention deployment towards relevant items more difﬁcult (Duncan
and Humphreys 1989; Feldmann-Wüstefeld and Schubö 2013b).
Experiment 3 will address this and keep the distractor load constant at 4 while these distractors have 4 distinct colors or
appear as 2 groups of 2 colors. A larger PD component for 4 different colors compared with 2 different colors would show that
suppression of irrelevant items from WM varies as a function
of distractor heterogeneity.

Targets elicited an N2pc (Fig. 4), that is, a more negative deﬂection in the ERP at electrodes contralateral (M = 0.18 μV) than at
electrodes ipsilateral to targets (1.14 μV), main effect of laterality,
F(1,35) = 19.77, P < 0.001, η2 = 0.361. No other effects were signiﬁcant (all P > 0.102).

Distractor Positivity (233–333 ms)
Distractors elicited a PD, that is, a more positive deﬂection in
the ERP at electrodes contralateral (M = 0.81 μV) than at electrodes ipsilateral to distractors (0.45 μV), main effect of laterality,
F(1,35) = 16.64, P < 0.001, η2 = 0.322. The PD was larger for heterogeneous (ΔM = 0.48 μV) than homogeneous distractors
(ΔM = 0.24 μV), interaction of laterality and distractor heterogeneity, F(1,35) = 7.10, P = 0.012, η2 = 0.169. Follow-up t-tests
showed that the PD was reliable for homogeneous (P < 0.001,
t(35) = 4.59) and heterogeneous distractors (P = 0.007, t(35) = 2.58).

CDA (350–750 ms)
Targets elicited an CDA, that is, a more negative deﬂection in
the ERP at electrodes contralateral (M = −2.62 μV) than at electrodes ipsilateral to targets (M = −1.24 μV), main effect of
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laterality, F(1,35) = 43.67, P < 0.001, η2 = 0.555. No other effects
were signiﬁcant (all P > 0.211).

Exploratory Analyses
Early PD
The early PD epoch was determined similarly to the N2pc and
PD, as ±50 ms from the most positive peak between 100 ms and
200 ms in the lateral-targets waveform (90–190 ms) and in the
lateral-distractors waveform (84–184 ms). Targets elicited an
early PD, that is, a more positive deﬂection in the ERP at electrodes contralateral (M = −2.20 μV) than at electrodes ipsilateral
to targets (M = −2.49 μV), main effect of laterality, F(1,35) =
15.22, P < 0.001, η2 = 0.303. No other effects were signiﬁcant (all
P > 0.244). Distractors also elicited an early PD, that is, a more positive deﬂection in the ERP at electrodes contralateral (M = −1.77 μV)
than at electrodes ipsilateral to distractors (M = −2.37 μV), main
effect of laterality, F(1,35) = 91.97, P < 0.001, η2 = 0.724. The
distractor-elicited early PD was larger for heterogeneous (ΔM =
0.70 μV) than homogeneous distractors (ΔM = 0.50 μV), interaction
of laterality and distractor load, F(1,35) = 5.09, P = 0.030, η2 = 0.127.
Follow-up t-tests showed that the distractor-elicited early PD was
reliable for homogeneous (t(35) = 7.96, P < 0.001,) and heterogeneous distractors (P < 0.001, t(35) = 7.77).
CDAp
The CDAp time window was determined as 408–750 ms.
Distractors elicited a CDAp, that is, a more positive deﬂection
in the ERP at electrodes contralateral (M = −1.87 μV) than at
electrodes ipsilateral to targets (M = −1.96 μV), main effect of
laterality, F(1,35) = 4.28, P = 0.046, η2 = 0.109. The CDAp was
marginally larger for heterogeneous (ΔM = 0.18 μV) than homogeneous distractors (ΔM = 0.01 μV), but this interaction of laterality and distractor was only marginally signiﬁcant, F(1,35) =
3.65, P = 0.064, η2 = 0.095. Follow-up t-tests showed that the
CDAp was reliable for heterogeneous (t(35) = 2.86, P1-tailed =
0.004) but not for homogeneous distractors (t(35) = 0.18, P1-tailed =
0.430).

Individual Differences and PD
Previous studies suggest that attention markers in the ERP can
predict WM capacity (Drew and Vogel 2008; Gaspar et al. 2016).
For example, Gaspar et al. found that for participants with a
high-WM capacity, K, measured in a change detection task,
salient distractors in a visual search task elicited larger PD components. To reveal any such correlation in the present study
we aggregated the mean signed area of the PD across conditions and experiments and calculated Pearson’s product–
moment correlation with K (2-tailed tests). We replicated
Gaspar et al.’s (2016) ﬁndings that the PD was correlated positively with K (r = 0.43; P < 0.001; 95% conﬁdence interval: 0.25 <
r < 0.58) (Fig. 5). Although a correlation between WM capacity
and other target-related components (CDA, N2pc) were found
in previous studies, we had no a priori assumptions about such
correlations in the present study since we did not vary target
features or number of targets. Nevertheless, we calculated the
correlation between all reported components and K in an
exploratory manner. We found that the distractor-elicited early
PD (r = 0.24; P2 t = 0.019; 0.04 < r < 0.42) and CDAp (r = 0.30; P =
0.003; 0.10 < r < 0.47) were also correlated positively with K,
that is, participants with higher WM capacity showed a larger
early PD and CDAp component. The CDA was negatively correlated with K (r = −0.21; P = 0.044; 0.01 > r > −0.40), that is,

Figure 5. Scatter plot illustrating the correlation between WM capacity measure K
and mean PD amplitude across 3 experiments and across all conditions. Each dot
represents one participant. Bright grey indicates participation in Experiment 1,
dark grey Experiment 2, and black Experiment 3. The black thick line indicates
the linear trend of the correlation and r indicates Pearson’s product–moment
correlation.

participants with higher WM capacity showed a larger CDA
(note that the CDA has a negative polarity). The target-elicited
early PD and N2pc were not correlated with K (all P > 0.158).
A linear regression analysis showed that the aforementioned components combined can account for 24.9% of the variance of K, which is just slightly more than PD can account for
alone (18.3%). N2pc: 2.1%, target-elicited early PD: 2.2%,
distractor-elicited early PD: 5.9%, CDA: 4.4%, CDAp: 9.0%.

Intermediate Discussion
Just like Experiments 1 and 2, Experiment 3 showed that irrelevant items in a change detection task elicit a PD component,
indicating the importance of attentional suppression for WM
maintenance. While the distractor load was kept constant in
Experiment 3, the number of colors the distractors had was varied, which induced heterogeneous (4 colors) and homogeneous
(2 pairs of 2 colors) distractors. More suppression was applied
for heterogeneous distractors than for homogeneous distractors, as suggested by the larger PD component in the former
condition. Thus, the present study identiﬁed 2 factors that
affect how much suppression is applied during WM encoding:
The number of irrelevant items (Experiments 1 and 2) and the
heterogeneity of distractors (Experiment 3). Correlational analyses across all experiments showed that a high-WM capacity
goes hand in hand with high amounts of suppression. In fact
the PD explained almost as much variance in WM capacity as
all attentional ERP components combined, demonstrating the
crucial rule suppression plays for WM.

General Discussion
The key ﬁndings of the present study were that irrelevant items
in a WM ﬁltering task elicit a PD component and that the
amplitude of the PD scales with the number of irrelevant items.
In addition, the PD amplitude correlated with overall WM
capacity K; participants with high-WM capacity showed larger
PD amplitudes. This is in line with ﬁndings that individuals
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with high-WM capacity show better ﬁltering mechanisms
(Vogel et al. 2005; Gaspar et al. 2016). Our results thus suggest
that in addition to the common notion that good WM performance depends on prioritization of relevant items in WM,
active suppression of irrelevant items prior to reaching WM
also contribute to efﬁciently controlling of access to this limited
memory system. We found that the PD increased with the
number of distractors and decreased with how well distractors
can be grouped. Thus, the PD can be used as a marker of how
effortful suppression from WM is.

PD as a Measure of Early Item-Based Attentional
Suppression
The PD is typically found in visual search tasks as a component
in the EEG elicited contralaterally to a single salient distractor
with the target presented nonlaterally (Hickey et al. 2009; Kiss
et al. 2012; Sawaki and Luck 2013; Gaspar and Mcdonald 2014;
Feldmann-Wüstefeld et al. 2015). As a result of systematic lateralization the PD can be attributed solely to processing of the
distractor and was argued to reﬂect active suppression that
contributes to efﬁcient selective attention (Hickey et al. 2009;
Sawaki and Luck 2013; Feldmann-Wüstefeld and Schubö 2013a;
Burra and Kerzel 2014; Gaspar and Mcdonald 2014). To our
knowledge, this is the ﬁrst example to show that a PD component can also be elicited by distractors in a WM task; which is
not surprising given the highly overlapping demands the 2
tasks, and the common mechanisms of attention and WM in
general (Awh et al. 2006; Soto et al. 2008; Olivers et al. 2011;
Gazzaley & Nobre 2012; for a review see Kiyonaga and Egner
2013). In line with these studies, our results provide further evidence that visual attention and WM may also be closely related
in terms of active suppression. The PD amplitude increased
when the number of distractors (distractor load) increased from
2 to 4 (Experiments 1 and 2). This suggests that it was more
effortful for individuals to suppress 4 rather than 2 items from
entering WM. Similarly, the PD was larger when 4 distractors
were presented in 4 different colors rather than in pairs of 2
colors (Experiment 3), showing that participants can more easily suppress homogeneous than heterogeneous distractors
from entering WM. The PD amplitude did not, however,
increase when distractor load increased from 4 to 6 items
(Experiment 2), suggesting that this form of suppression may
be resource-limited.
At ﬁrst glance it may seem surprising that the PD varied as a
function of distractor load because it may have been possible
that the PD merely reﬂects the suppression of a region within
the visual ﬁeld which should be irrespective of the number or
properties of the items presented within that region. Previous
studies suggest that the N2pc reﬂects individuation (Mazza and
Caramazza 2011; Pagano and Mazza 2012). This raises the question whether the modulation of the PD by distractor load may
indicate that the distractors were individuated in the present
study. The number of distractors is typically not varied in studies that apply the systematic lateralization account. One study
that varied both target and distractor load in a visual search
task found that the N2pc amplitude increased with the number
of targets, but PD did not increase with the number of distractors (Munneke et al. 2013). However, an important novelty in
the present study is that the number of distractors exceeded 2
which was not the case in Munneke et al.’s study. For relatively
small suppression demands (up to 2 items), PD might not differ
much. Secondly, as Munneke et al. (2013) admit, targets and
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distractors were very dissimilar (green diamonds vs. red lines)
which means that fewer attentional resources were presumably necessary to discard distractors. In addition, distractor
similarity was high (in fact they were identical), which means
that distractors were more likely rejected as a group. In the
present study, however, targets and distractors were highly
similar: colors from the same pool were used for targets and
distractors which means that no color could be discarded prior
to the presentation of the memory display. Furthermore distractors were highly dissimilar; except for the homogeneous
condition in Experiment 3 (see below) distractor colors were
distinct. High target–distractor similarity and low distractor–
distractor similarity result in high ﬁltering demands (Duncan
and Humphreys 1989; Feldmann-Wüstefeld and Schubö 2013a,
2013c). This may have led to the distractors being processed up
to the individual level (to identify which are targets and which
are distractors) and thus the PD was affected by numerosity
because more or fewer individual distractors had to be suppressed. Alternatively, the differential PD may reﬂect that a
suppression resource is tapped into to a different degree,
depending on how much of a “threat” they are to a processing
free of interference. That is, if the visual system is confronted
with 4 distractors, there is a higher probability that any of these
irrelevant items is encoded into WM than when it is confronted
with only 2 distractors. Thus, the visual system may apply
more suppression so that the probability for such erroneous
encoding is minimized.
When distractors were homogeneous (2 pairs of identically
colored distractors), PD was smaller than when distractors
were heterogeneous (4 distinctly colored distractors), which is
in line with earlier ﬁndings that 2 identical distractors elicit a
relatively small PD (Munneke et al. 2013), and that grouping of
distractors according to gestalt principles is very fast and
allows rejection of distractors efﬁciently (Nothdurft 1992;
Feldmann-Wüstefeld et al. 2013). These results from Experiment
3 also indicate that it is not merely the larger area that 4 compared with 2 distractors cover in the visual ﬁeld that modulate
the PD amplitude. Instead the larger PD for heterogeneous than
for grouped distractors suggests that the PD reﬂects how effortful
ﬁltering is—more suppression was required for heterogeneous
than for grouped distractors. Our results indicate that visual WM
can beneﬁt from advantageous properties of the stimuli—an
effect that has already been found for implicit long-term memory
(Feldmann-Wüstefeld and Schubö 2014).
It is noteworthy that the distractor load did not affect
behavioral performance. This may have been due to the low
number of targets that was used in the present set of experiments, namely 2. In this context, the differential PD amplitude
may also indicate that different cognitive processes (viz., more
suppression) were required to put up with the task demands.
In other words, participants’ performance was equally good
after a little (2 distractors) or a lot (4 or 6 distractors) suppression was applied. Future studies varying the number of targets
will be required to examine how suppression is applied when
the WM load is close or exceeds the WM capacity.

PD as an Indicator of Negative Attentional Weights on
Salience Maps
Enhancing relevant information over short periods of time
while it is not present to the senses anymore is a crucial feature of visual WM. Visual WM deﬁned as “active maintenance
of visual information to serve the needs of ongoing tasks” (Luck

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhx336/4818252
by University of Chicago Library user
on 29 January 2018

12

|

Cerebral Cortex

and Vogel 2014) refers to active maintenance as a transient
modulation in energy-requiring neural activity (as opposed to
synaptic changes or passively stored long-term memories).
While there is quite some agreement that certain stimuli can
get priority over others, there are some dissents what qualitative status a stimulus representations can obtain. For example,
there is a current debate whether certain stimuli in WM are
granted extra priority in terms of higher accessibility; while
some studies suggest that items in WM are equally accessible
(Beck et al. 2012; Hollingworth and Beck 2016), other studies
suggest that only one item at a time can get extra priority in
terms of higher accessibility (Olivers et al. 2011; van Moorselaar
et al. 2014). Similarly, items may receive a “negative” priority
status to enhance maintenance of relevant items. How can
such a negative weight be conceptualized?
Selection of relevant stimuli is often modeled based upon
activation patterns on a “priority map” that codes items in the
visual ﬁeld in a topographical manner (Itti and Koch 2000;
Fecteau and Munoz 2006). The activation pattern coded on the
priority map reﬂects salience (based on contrast, Theeuwes
2010) weighted by top-down processes such as an observer’s
current goals (Folk et al. 1992, 2008) or selection history
(Kristjánsson and Driver 2008; Awh et al. 2012). While peaks on
the salience map will increase the probability that the according location will receive more elaborated, attentive processing,
it has also been suggested that suppression of certain locations
is realized in terms of deprioritized locations on the priority
map (Sawaki et al. 2012; Jannati et al. 2013; Burra and Kerzel
2014; Mirpour et al. 2016). It was suggested that the PD component reﬂects a salient-signal suppression within attentional
control (Sawaki and Luck 2010; Jannati et al. 2013). Salient items
generate an “attend-to-me signal” and thus compete for attentional resources prior to visual selection. Attention is then in a
second step deployed toward the most salient stimulus for further processing or that stimulus’ location is actively suppressed
to avoid the potential waste of attentional resources and make
selection of other locations more likely.
Suppression from visual WM may work in a similar way
(Zelinsky and Bisley 2015). Stimuli that are likely probed in the
end of a change detection task trial will receive high weights on
a priority map so that they are more likely encoded into WM.
Generally irrelevant stimuli (e.g., distractors in the present
task) and stimuli that need to be discarded because WM slots
are full may receive low weights so that they are less likely
encoded into WM where they would potentially interfere with
relevant content. Recent studies even provide evidence for suppression of irrelevant items below baseline (Gaspelin et al.
2015, 2016). Analogously, the PD in the present study distractors may reﬂect negative weights in a salience map for items
identiﬁed as irrelevant that makes them less likely to be
encoded into WM and thus promotes an efﬁcient maintenance
of the relevant items.

Early PD and CDAp and the Salience Map
Similar to previous studies that employed the systematic lateralization approach we found an early lateralized positivity contralateral to both distractors and targets, in the time range
100–200 ms. Since only few studies systematically analyzed the
early PD (Sawaki and Luck 2010; Corriveau et al. 2012; FortierGauthier et al. 2013; Feldmann-Wüstefeld et al. 2016; Jannati
et al. 2013; Gokce et al. 2014) and its meaning remains unclear,
we only analyzed the early PD in an explorative manner.
Previous results suggest that the early PD reﬂects early

processing of physical discontinuities and/or an associated
ﬂeeting spatial suppression (Corriveau et al. 2012; Jannati et al.
2013; Feldmann-Wüstefeld et al. 2016). The early PD does not
seem to solely reﬂect physical imbalance (Fortier-Gauthier
et al. 2012, 2013; Gokce et al. 2014) but rather initial activation
on salience maps (Fortier-Gauthier et al. 2012; Jannati et al.
2013). In line with this, the amplitude of the early PD was found
to predict target accuracy (Weaver et al. 2017) and intertrial prioritization of locations affects the amplitude of the early PD
(Gokce et al. 2014), suggesting that the early PD may reﬂect negative weights or presets on a salience map. Also in line with
the salience map notion, orientation deviants (but not color
deviants) elicit a larger early PD in contexts of homogeneously
than contexts of heterogeneously oriented lines (FeldmannWüstefeld et al. 2016). Finally, the early PD follows a similar
result pattern than the subsequent N2pc (Pomerleau et al.
2014), suggesting a close link to attentional selection processes
based on a salience map.
In the present study, the early PD followed the PD pattern
closely in all 3 experiments and also showed a correlation with
WM capacity K. At the same time, the early PD and PD combined explain only marginally more variance of K than the PD
alone, suggesting that the PD reﬂects more elaborate processing of the distractors. The early PD does seem to reﬂect color
discontinuities (Barras and Kerzel 2016) or orientation discontinuities (Weaver et al. 2017). Moreover, in Weaver et al.’s (2017)
study, the early Pd predicted overt saccadic behavior; an early
PD was only observed when individuals deploy their eyes away
from the distractor. Thus, while the PD may reﬂect attentional
suppression on the overall map of activations (Fecteau and
Munoz 2006), the early PD may reﬂect pre-attentive suppression of discontinuities on feature maps.
In addition to the early PD, we also found a sustained positivity contralateral to distractors, that is, a CDA of inverse
polarity. To our knowledge this is the ﬁrst time such a CDAp
was found which is why we had no a priori expectations about
it. Although we ﬁrst analyzed the CDAp in an exploratory manner in Experiment 1, we could replicate it in Experiments 2 and
3 and thus showed that the CDAp may be an appropriate tool
to investigate sustained suppression and/or suppression from
WM. Although the exact functional role of the CDAp needs further clariﬁcation in future experiments, the current data suggest that it reﬂects sustained suppression at previous distractor
locations, possibly a tagging of such location as “irrelevant”
avoiding any post-presentation encoding from there.
Analogously to the PD and NT adding up to the N2pc (Hickey
et al. 2009), the classical CDA may actually consist of a negative
component reﬂecting prioritizing of memory items (CDAn) and
a positive component reﬂecting active suppression from WM.
As the CDAp was not modulated by distractor load, the sustained suppression may not be subject to individuation but
rather reﬂect suppression of an entire region. In terms of
salience maps, the CDAp may reﬂect lingering negative weights
at such suppressed locations.
One may argue that the differences in both the early PD and
PD component may be due to a purely sensory laterality rather
than attentional lateralization. According to that argumentation, for example, the PD for 4 distractors would be larger than
for 2 distractors, not because more suppression is required for 4
distractors, but because more salient items are presented in
one hemiﬁeld. However, several reasons support the notion
that the early PD and PD differences reﬂect attentional differences. First, the distractors were never the only lateral items
presented—there were always neutral (grey) distractors on the
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opposite side of the display. As these neutral distractors were
equiluminant to the salient distractors, there was no physical
imbalance between the left and right hemiﬁeld in terms of how
many pixels were illuminated. Second, any sensory laterality
should create negative potentials, as has been observed in earlier work (Hickey et al. 2006), whereas PD and early PD are both
of positive polarity. Third, in the present study the PD and early
PD are correlated with K, suggesting that the differences PD
and early PD show reﬂect meaningful cognitive differences
between conditions. Fourth, Experiment 3 shows that even
when the number of salient distractors is identical, the ﬁltering
demands induced by the heterogeneity of distractors modulate
the size of the PD and early PD.

Links Between PD and Task Performance
It is known that individuals can vary a lot in their attentional
control, that is, how well they can ﬁlter relevant from irrelevant
information (Vogel et al. 2005; Astle et al. 2008; Fukuda and
Vogel 2011; Linke et al. 2011). There is a growing body of evidence linking the PD to successful attentional control performance. The design of the current study allowed us to use the
PD as a measure of active suppression and thus investigate
how individuals vary in their ability to ﬁlter out irrelevant
items from WM.
Within-Subject Variability
Previous studies found that N2pc subcomponents (PD = distractor positivity as suppression contralateral to distractors; NT =
target negativity as selection contralateral to targets) seem to
be closely related to actual search performance. RT can vary as
a function of attentional capture as indicated by the distractorN2pc (Hickey et al. 2010; McDonald et al. 2013; FeldmannWüstefeld et al. 2016). For example, McDonald et al. (2013)
found a distractor-N2pc toward an additional singleton only in
slow trials and a more pronounced NT toward targets in fast
trials. Analogously, a larger PD was found for fast responses
compared with slow responses (Sawaki et al. 2012; Qi et al.
2013). Similarly, a PD in fast trials can even be inversed in slow
trials (i.e., a distractor-N2pc emerges instead of a PD), indicating that when active suppression of irrelevant information
fails, involuntary attention capture can occur, deteriorating
search performance (Gaspar and Mcdonald 2014). In line with
this notion, it was found that distractors in homogenous context, that allow parallel, efﬁcient visual search, elicit an early
PD and no distractor-N2pc whereas distractors in heterogeneous context that require more effortful search, elicit a
distractor-N2pc ﬁrst and then a later PD (Feldmann-Wüstefeld
and Schubö 2013a). In sum, these results suggest that the PD
component is crucial to prevent initial attentional capture by
irrelevant items and may also help to terminate the deployment of attention to relevant items (Sawaki et al. 2012).
Between-Subjects Variability
ERPs may also reﬂect more general individual differences that
become evident in behavioral measures. Previous studies found
that participants with high-WM capacity show larger N2pc
amplitudes in multiple object tracking (Drew and Vogel 2008)
and larger PD amplitudes in additional singleton search tasks
(Gaspar et al. 2016). Gaspar et al. found that the signed area of
the PD elicited by salient distractors (additional color singletons) in a visual search task correlated with the WM capacity
(K) measured in a standard change detection task. In the present study we used a standard change detection task very
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similar to Gaspar et al. (2016) and also measured the signed
area of the PD. The main difference to Gaspar et al. was that we
measured the PD elicited by distractors in a WM ﬁltering task,
allowing a direct link between active suppression from WM
and WM capacity. We replicated their ﬁndings and show that
individuals with high-WM capacity had a generally larger PD.
This means converging evidence for the notion that a functional WM relies on active early suppression. The major part of
variance explained by various components (PD, N2pc, CDA, early
PD, CDAp) however was contributed by the PD (18.5% out of
25.4%). Thus, our study demonstrates the importance of active
suppression from WM for efﬁcient maintenance of relevant
items in WM. A common mechanism for visual attention and
WM may help suppressing irrelevant items both from capturing
attention and prevent encoding of irrelevant items into WM.
The present study can also shed new light on how a highWM capacity can help to ﬁlter efﬁciently (Vogel et al. 2005). As
we found highWM capacity individuals to show a larger PD, but
not a larger N2pc, it may be that in Vogel et al.’s study high
capacity individuals were more successful in suppressing distractors from entering WM rather than less likely encoding distractors accidentally into WM. Our study may also help to
interpret previous ﬁndings about the time course of ﬁltering
from WM. For example, it was found that observers with highWM capacity show less attention capture in the beginning of a
trial and store less irrelevant information (Fukuda and Vogel
2009), while they disengage more rapidly from irrelevant information (Fukuda and Vogel 2011). Both the less pronounced
attentional capture by and the more rapid disengagement from
distractors may be due to the more pronounced active suppression that high capacity participants apply. Note that suppression applied in the present study was presumably ﬁrst-order
feature suppression (Gaspelin and Luck 2017; or top-down suppression, Noonan et al. 2017), that is, suppression was set to
ignore a speciﬁc feature values (here: circles). Future research
will have to show if suppression from WM based on secondorder features (suppression of an entire dimension, e.g., shape)
or global salience (suppression of the item with the strongest
bottom-up signal) is predictive of WM capacity as well.

Conclusions
The present study shows that the PD, a subcomponent of the
N2pc that indicates active suppression of irrelevant items in
the visual ﬁeld, can be observed in WM tasks. This shows that
suppression is a crucial process not only for attention deployment, but also for encoding of visual stimuli that are expected
to not be present to the senses anymore but may become relevant in the future. The PD increased with increasing distractor
load and distractor heterogeneity, showing that suppression
from WM is more effortful the more items need to be discarded
and the more difﬁcult it is to group them according to gestalt
principles. Among all attention and WM components measured
(early PD, N2pc, PD, CDA, CDAp) the PD can account for the
major share of the variance of individuals’ WM capacity. In
sum our results show that suppression of potentially distracting information is a crucial factor in the maintenance of WM
and efﬁcient suppression can contribute largely to a good WM
performance.
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