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Working memory holds information available for use 
in goal-directed cognitive processes (Cowan, 2017; 
Oberauer, 2009). Using this information often requires 
the selection of a subset of items from a larger set 
(Olivers, Meijer, & Theeuwes, 2006). This process can 
be conceptualized as a form of selective attention 
(Chun & Johnson, 2011). Accordingly, a focus of atten-
tion is part of many models of working memory, as a 
mechanism for selecting specific representations from 
those maintained in memory (Oberauer & Hein, 2012; 
Olivers, Peters, Houtkamp, & Roelfsema, 2011).

One situation in which the focus of attention affects 
behavior is during the visual exploration of the environ-
ment. For example, an item maintained in working 
memory directs attention to external visual stimuli that 
match the remembered item (Soto, Hodsoll, Rotshtein, 
& Humphreys, 2008). If one of several items in working 
memory becomes prioritized (e.g., by a cue presented 
during the retention interval), only the prioritized item, 
not the other items in working memory, directs visual 

attention (van Moorselaar, Battistoni, Theeuwes, & 
Olivers, 2015). This finding suggests that only working 
memory items in the focus of attention direct percep-
tual attention toward matching stimuli. When multiple 
items are held in working memory with equal priority, 
the tendency of matching stimuli in the environment to 
attract attention is reduced (van Moorselaar, Theeuwes, 
& Olivers, 2014). These observations support the idea 
that the focus of attention usually holds only a single 
item at a time (Oberauer & Hein, 2012; Olivers et al., 
2011). Other behavioral evidence, however, suggests 
that attention can be directed to two stimuli simultane-
ously when each of them matches an item held in work-
ing memory (Hollingworth & Beck, 2016).
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Abstract
How does the content of visual working memory influence the way we process the visual environment? We addressed 
this question using the steady-state visual evoked potential (SSVEP), which provides a discernible measure of 
visuocortical activation to multiple stimuli simultaneously. Fifty-six adults were asked to remember a set of two 
oriented gratings. During the retention interval, two frequency-tagged oriented gratings were presented to probe the 
visuocortical processing of matching versus mismatching orientations relative to the memory set. Matching probes 
prompted an increased visuocortical response, whereas mismatching stimuli were suppressed. This suggests that the 
visual cortex prioritizes attentional selection of memory-relevant features at the expense of non-memory-relevant 
features. When two memory items were probed simultaneously, visuocortical amplification alternated between the two 
stimuli at a rate of 3 Hz to 4 Hz, consistent with the rate of attentional sampling of sensory events from the external 
world. These results suggest a serial, single-item attentional sampling of remembered features.
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At the neural level, maintaining a task-relevant fea-
ture representation biases early visual neurons to selec-
tively amplify visuocortical activation for perceptual 
items containing this feature (Maunsell & Treue, 2006). 
This bias is observed across the visual field (Andersen, 
Muller, & Hillyard, 2009), including for task-irrelevant 
distractors (Olivers & Eimer, 2011; Soto et al., 2008). 
Moreover, the neural representation of these low-level 
features is amplified at the cost of other, competing 
stimuli, which are suppressed at the level of the primary 
visual cortex (Andersen et al., 2009; Mangun & Hillyard, 
1995; Müller et al., 2006; Störmer & Alvarez, 2014). The 
spatially global and competitive nature of selective 
amplification of feature values should make it difficult 
to select two different features at the same time. These 
considerations lend plausibility to the assumption that 
the focus of attention selects one item in working mem-
ory at a time, which in turn directs attention to match-
ing stimuli one at a time.

Here, we investigated what happens to selective cor-
tical amplification when one or two stimuli each match 
an item in working memory. To capture the visuocorti-
cal response to multiple stimuli simultaneously, we 
used the steady-state visual evoked potential (SSVEP; 
Norcia, Appelbaum, Ales, Cottereau, & Rossion, 2015). 
The SSVEP reflects visuocortical activity (i.e., primarily 
V1) in humans (Di Russo et al., 2007) and is measured 
by frequency-tagging items on the screen. The SSVEP 
allows the simultaneous quantification of the visuocor-
tical representation of multiple visual stimuli and thus 
can be used to investigate any existing bias or priori-
tized processing of one stimulus at the cost of another 
(Mangun & Hillyard, 1990). In three experiments, par-
ticipants memorized the orientation of two gratings that 
were subsequently probed during a retention interval 
with two frequency-tagged gratings. We made probe 
stimuli either task relevant (Experiments 1 and 2) or 
task irrelevant (Experiment 3) to examine the extent to 
which prioritization based on working memory content 
depends on the task relevance of the probe array. Previ-
ous research suggests that stimuli matching an item in 
working memory facilitates selective attention to the 
features of that item (Mendoza, Schneiderman, Kaul, & 
Martinez-Trujillo, 2011; Olivers & Eimer, 2011), resulting 
in increased visuocortical activity (Gayet et  al., 2017; 
Harrison & Tong, 2009; Lorenc, Sreenivasan, Nee, 
Vandenbroucke, & D’Esposito, 2018; Rademaker, van de 
Ven, Tong, & Sack, 2017; Serences, Ester, Vogel, & Awh, 
2009). Here, the SSVEP power to each probe stimulus 
was used to infer which stimuli were attended. On the 
assumption that visual attention is directed to stimuli 
matching working memory items in the focus of atten-
tion, we can infer which items in working memory were 
being selectively attended.

We addressed three questions. First, does the atten-
tive selection of stimuli matching an item in working 
memory affect activity in visual cortex as observed in 
the SSVEP response to probes? Experiment 1 provided 
a proof-of-principle analysis by testing the hypothesis 
that the visuocortical response to a probe is selectively 
amplified if that probe matches an item in working 
memory. Second, when one of two perceptual stimuli 
matches an item in working memory, what is the fate 
of the other, competing stimulus? We tested the 
hypothesis that visuocortical responses to nonmatching 
stimuli are suppressed when such stimuli co-occur with 
a matching item. And finally, does the visual cortex 
simultaneously amplify the features of two items held 
in working memory? In Experiments 2 and 3, we com-
pared five models describing different interactions 
between the representations of multiple stimuli match-
ing multiple items in working memory. Exploiting the 
high temporal resolution of SSVEP data, we tested 
whether two stimuli that both match a different working 
memory representation are attended to simultaneously 
or sequentially.

Method

Participants

Fifty-six healthy volunteers (38 females; mean age = 
19.1 years, SD = 1.4) were recruited from the student 
population of the University of Florida and given course 
credit for their participation in Experiment 1 (N = 16), 
Experiment 2 (N = 20), or Experiment 3 (N = 20). The 
sample size for Experiment 1 was based on sample sizes 
used in previous studies, and the sample sizes for 
Experiments 2 and 3 were based on a power analysis 
from the data collected in Experiment 1. Six additional 
participants were excluded because their task perfor-
mance was at chance or because of excessive electro-
encephalogram (EEG) artifacts (requiring exclusion of 
more than 50% of trials). All procedures were con-
ducted in accordance with the Declaration of Helsinki 
and approved by the institutional review board of the 
University of Florida. Each participant gave written 
informed consent prior to participating, reported nor-
mal or corrected-to-normal vision, and reported no his-
tory of neurological or psychiatric disorders.

Procedure and stimuli

Participants were seated in a small, dimly lit room at a 
distance of approximately 1.4 m from a 23-in. 3-D LED 
monitor (Samsung LS23A950) set to a vertical refresh 
rate of 120 Hz. EEG sensors were applied to their scalp. 
After receiving verbal and written instructions, each 
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participant completed one of the three experiments. In 
all experimental designs (Fig. 1), a black fixation circle 
subtending 0.5° of visual angle was presented in the 
center of a gray background for the duration of the 

experiment, and participants were instructed to never 
move their eyes from fixation. Following a 3-s to 4-s 
intertrial interval, each trial began with a set of two 
items (the memory set) presented simultaneously to the 

Experiments 1 and 2

Experiment 3

a

c

d

b

Fig. 1. Experimental design. The six Gabor patch stimuli used for all three experiments  
(a) had orientations of (top row, from left to right) −84°, −36°, and −12° and of (bottom row, 
left to right) 12°, 60°, or 84°, relative to a vertical axis. The head model (b) approximates the 
locations of the 129 sensors used for the electroencephalogram recording. The four occipital 
sensors extracted for analysis of steady-state visual evoked potentials are highlighted in black. 
An example trial sequence for Experiments 1 and 2 is shown in (c). Participants first viewed a 
memory set consisting of two Gabor patches, which were shown to the left and right of fixa-
tion, and participants were asked to remember the orientation of both. Following a mask, they 
saw a probe array, in which two Gabor patches were each phase-reversing at different frequen-
cies, either 10 Hz or 13.3 Hz. Participants indicated whether or not a probe matched either 
orientation in the memory set. An example trial sequence for Experiment 3 is shown in (d). 
The trial sequence was the same as in Experiments 1 and 2 until the response. In Experiment 
3, participants were asked to recall the orientation of the memory set Gabor that had appeared 
in the same on-screen location. Participants rotated the Gabor, using a mouse, until it had the 
remembered orientation, and then clicked to enter their response.
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left and right of fixation for 2 s. The memory set con-
sisted of two Gabor patches of different orientations: 
−84°, −36°, −12°, 12°, 36°, or 84°, relative to a vertical 
axis. Participants were instructed to remember the ori-
entations for later report. All Gabor patches spanned 
4.5° of visual angle, and their inner edges were 1° away 
from fixation. They had a spatial frequency of 1.8 cycles 
per degree, a Michelson contrast of 50%, and a mean 
luminance of 42 cd/m2, which was measured with a 
Mavo-Spot luminance meter (Gossen, Nuremburg, 
Germany). The memory set was subsequently masked 
for 2 s by random white-noise squares, which spanned 
11° of visual angle and had the same mean luminance 
as the Gabor stimuli.

Next, two phase-reversing Gabor patches of different 
orientations (i.e., the probe array) replaced the mask 
for 3.6 s. The items in the probe array appeared above 
and below the fixation circle, and each inner edge was 
1° of visual angle away from the fixation circle. The 
probes were shown in different locations from the 
memory set to emphasize stimulus orientation (rather 
than position) as the relevant feature and to avoid car-
ryover effects based on location in the memory set. For 
half the participants, the upper item in the probe array 
phase-reversed at 10 Hz, and the lower item phase-
reversed at 13.3 Hz; for the other half of the participants, 
the lower item in the probe array phase-reversed at  
10 Hz, and the upper item phase-reversed at 13.3 Hz. The 
reversals at these frequencies evoked two frequency-
discriminable SSVEPs, which allowed for simultaneous 
measurement of the visuocortical response to the upper 
and lower probe Gabor patches. In Experiment 1, each 
trial contained either no matching probe (48 trials) or one 
matching probe (52 trials). In Experiments 2 and 3, each 
trial contained 0, 1, or 2 matching probes: There were 26 
upper-match trials, 26 lower-match trials, 26 both-match 
trials, and 62 no-match trials. The no-match condition 
occurred more frequently than any other condition to 
avoid a response bias for matching trials.

In Experiments 1 and 2, the mask was followed by 
a centrally presented question mark, prompting partici-
pants to indicate whether any item in the probe array 
matched the orientation of the item in the memory set. 
Because responses occurred in response to an impera-
tive stimulus at the end of the trial, response times were 
considered not informative and are not reported here. 
Half of the participants pressed the left arrow key to 
indicate a match and the right arrow key to indicate a 
nonmatch; this response mapping was reversed for the 
other half of participants. In Experiment 3, memory was 
tested in a different way that was designed to render 
the probe array task irrelevant: A response Gabor 
appeared either to the left or to the right of fixation. 
The location indicated which item in the memory set 

participants should report. Participants then used the 
mouse to rotate the response Gabor until it matched 
the orientation of the respective item in the memory 
set; they clicked the mouse to record their response. 
The mouse allowed participants to respond in steps of 
0.5° of rotation. Thus, in Experiment 3, the probe array 
was irrelevant for the task, allowing us to investigate 
whether a stimulus matching a representation in work-
ing memory attracts attention even when it is irrelevant 
for the task.

Electrophysiological data acquisition

EEG data were recorded continuously with a 128-channel 
Geodesic Sensor Net (Electrical Geodesics, Eugene, 
OR), as shown in Figure 2c. Electrodes covered wide 
areas of the head, including the face and neck. Imped-
ance for each electrode was kept below 50 kOhms, and 
the vertex electrode (Cz) was used as the recording refer-
ence. All channels were digitized at a rate of 500 Hz  
using a Butterworth on-line low-pass filter that had a 
3-dB cutoff at 49 Hz and a high-pass filter with a 3-dB 
cutoff at 0.05 Hz.
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Fig. 2. Quantifying visuocortical activity using the steady-state visual 
evoked potential (SSVEP). The power of the SSVEP time series dur-
ing the probe presentation (a) is shown averaged across all trials 
and participants. Values were taken from an Oz cluster. The time of 
probe presentation is indicated in gray. The power of the SSVEP in 
the frequency domain is shown in (b). The topography of the SSVEP 
power during the probe presentation (c) is interpolated across a head 
model depicting approximate electroencephalogram sensor locations.
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Segmenting, rejection of trials, and 
interpolated channels

Continuous data were digitally filtered off-line using a 
second-order Butterworth high-pass filter with a 3-dB 
cutoff at 4 Hz. Epochs were extracted from 600 ms before 
to 4,000 ms after the onset of the phase-reversed Gabor 
patches. These segments were submitted to a semiau-
tomated artifact-detection procedure designed for mul-
tichannel electrophysiology (Nolan, Whelan, & Reilly, 
2010). This method calculates statistical metrics (mean, 
variance, mean correlation, range, Hurst exponents) to 
identify channels, epochs, and specific trial-channel 
combinations that are contaminated with artifacts. It 
then interpolates outlying (z score > ±3) channels and 
discards outlying (bad) trials. We did not correct eye 
artifacts so we could screen the data for eye move-
ments. Trials in which an eye movement was made 
were discarded to avoid artificial amplification of the 
SSVEP as a consequence of foveal, rather than parafo-
veal, processing. Artifact-free trials with correct responses 
were obtained for Experiment 1 (no-match condition: 
76%, single-match condition: 82%), Experiment 2 (no-
match condition: 72%, single-match condition: 80%, both-
match condition: 86%), and Experiment 3 (no-match 
condition: 67%, single-match condition: 66%, both-match 
condition: 64%). For all subsequent analyses, trials were 
randomly discarded from conditions with more trials to 
obtain equal trial counts for each condition; this was 
done for each participant, ensuring similar signal quality 
across conditions.

Quantifying the SSVEP signal

Across all three experiments, the visuocortical response 
to each probe grating was quantified by extracting the 
frequency-specific SSVEP amplitude. This measure was 
obtained by first averaging artifact-free segments in the 
time domain, separately for each experimental condi-
tion (Fig. 2b). Power was then obtained across a time 
window from 300 ms to 3,300 ms after probe-array 
onset by multiplying the data with a cosine square 
window (40-ms transition from 0 to 1), conducting a 
Fourier transformation, multiplying the resulting mag-
nitude by two, and normalizing by the number of points 
used. This time range was chosen to ensure exclusion 
of the visual onset potential (< 300 ms); to avoid occa-
sional offset events (blinks, anticipatory responses), 
which sometimes occurred during the late portion of 
the probe presentation (> 300 ms); and most critically. 
to obtain a Fourier spectrum that contained bins at the 
exact tagging frequencies (i.e., 10 Hz and 13.33 Hz; Bach 
& Meigen, 1999). To estimate the SSVEP power specific 
to the upper and lower probe stimuli, respectively, the 

10-Hz and 13.3-Hz powers were extracted separately 
from each sensor and then averaged across an Oz clus-
ter (i.e., Oz and its three nearest neighbors). To obtain 
unbiased estimates of the SSVEP power from the dif-
ferent frequencies, we eliminated level differences in 
power across participants by z-transforming the power 
values across all stimulus conditions and frequencies 
for each participant. Thus, a value representing the 
relative visuocortical response was obtained separately 
for the upper and lower probes for each participant 
and condition.

Statistical analysis

Accuracy. In Experiments 1 and 2, in which partici-
pants responded yes or no to whether one of the probe 
gratings matched the orientation of a grating in the mem-
ory set, accuracy was defined as the percentage of cor-
rect responses. In Experiment 3, in which participants 
manually set the orientation of a response grating, accu-
racy was defined as the circular variance in reported ori-
entation, in degrees, relative to the actual orientation. 
Accuracy for all experiments is reported in Table 1.

Statistical comparison of SSVEP condition means.  
Experiment 1 served as a proof-of-concept study to exam-
ine the hypothesis that holding an item in working memory 
amplifies the visuocortical representation (SSVEP power) 
of a stimulus matching that item. To this end, the power 
representing each probe was compared in Experiment 1. 
Specifically, the power values associated with each probe 
were combined to yield conditions indicating the status of 
each probe relative to the memory set: The average 
z-transformed power of each probe in the no-match con-
dition represented neural activity of probes that did not 
match any item of the memory set; the average power of 
the matching probe (regardless of probe location) was 
used in the single-match condition; and the average 
response to the mismatching probe (the nonmatching 
probe, which co-occurred with a matching probe) was 

Table 1. Accuracy in Experiments 1, 2, and 3

Experiment 1 
(%)

Experiment 2 
(%)

Experiment 3  
(°)

Condition M SD M SD M SD

No match 74.0 4.9 74.4 4.2 12.6 3.9
Single match 78.7 6.4 82.7 3.6 12.3 4.3
Both match 90.0 2.7 12.7 5.6

Note: For Experiments 1 and 2, the percentage of trials with a correct 
response is reported. For Experiment 3, we report the (circular) 
average deviation of the reported remembered orientation from the 
actual orientation.



1264 Thigpen et al.

used in the single-mismatch condition. We also assessed 
the extent to which the location of the probe affected the 
overall SSVEP power, using the location tag of the respec-
tive probes. We analyzed SSVEP power with a repeated 
measures analysis of variance (ANOVA), crossing factors of 
condition (no match, single upper match, single lower 
match) and probe location (upper-location frequency tag, 
lower-location frequency tag). Because there were no 
effects of probe location, all subsequent analyses were col-
lapsed across the upper and lower probes.

Planned contrasts tested the alternative hypotheses 
described in the introduction. In all experiments, devia-
tions from sphericity were addressed by using F and  
p statistics corrected by the Greenhouse-Geisser method; 
significant main effects and interactions were followed 
by post hoc ANOVAs and simple main-effects analyses 
where appropriate.

Bayesian model comparison on SSVEP power. To 
explicitly compare the potential models describing the 
impact of working memory selection on visuocortical 
processing, we tested five Bayesian linear mixed-effects 
models using the BayesFactor package (Version 0.9.0; 
Rouder, Morey, Speckman, & Province, 2012) imple-
mented in the R environment (R Core Team, 2012). The 
“lmBF” function was used with its default settings, except 
that we modified the scaling factor of the effect size for 
fixed effects from 0.5 to 1 2/ . This larger scaling factor 
provided a more conservative estimate of the effect by 
shifting the prior for the effect size toward larger values 
(Rouder, Speckman, Sun, Morey, & Iverson, 2009). We 
used this function to compute Bayes factors for five spe-
cific linear models. Each model had a single predictor 
incorporating the model’s theoretical assumptions as con-
trasts over the four conditions: no match, single mismatch, 

single match, and both match, shown in Figure 3. We com-
puted the likelihood ratio of each model (Mn) compared 
with a null model (M0) with a random intercept only.

Model 1 assumed that perceptual attention has 
unlimited capacity and would be directed simultane-
ously to both matching probes in the both-match condi-
tion. Selecting one probe would not suppress the other. 
Following this assumption, we reasoned that attention 
would boost the activation of each matching stimulus 
in the both-match condition as much as it did in the 
single-match condition. Therefore, the SSVEP power of 
matching probes should be equally high in the single-
match condition and the both-match condition. The 
SSVEP power of the no-match and single-mismatch 
probes should be lower, and should not differ from 
each other, as reflected in the predictor vectors across 
the four conditions (no match: –1.0, single mismatch: 
–1.0, single match: 1.0, both match: 1.0).

Model 2 assumed that perceptual attention has lim-
ited capacity and would be directed simultaneously to 
both matching probes in the both-match condition. 
Selecting one probe would not suppress the other. Shar-
ing capacity-limited attention between two matching 
probes should lead to each of them being activated less 
strongly than in the single-match condition, so that the 
SSVEP power for matching probes should be lower in 
the both-match condition than in the single-match con-
dition. The single-mismatch power should be lower yet, 
and equal to the no-match condition, as reflected in 
the predictor vectors (no match: –0.75, single mismatch: 
–0.75, single match: 1.0, both match: 0.5).

Model 3 assumed that perceptual attention has 
unlimited capacity and would be directed simultane-
ously to both matching probes in the both-match condi-
tion. Selecting one probe would suppress the other. 
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Fig. 3. Predictor vectors for each of the five models, separately for each of the four conditions. Model 1 has a simultaneous-attention-
without-competition design with unlimited capacity; Model 2 had a simultaneous-attention-without-competition design but with limited 
capacity; Model 3 had a competition design with unlimited capacity; and Model 4 had a capacity-limited design with competition. Model 
5 employed a sequential attention-switching model with competition: Each stimulus in the both-match condition received a boost roughly 
half of the time and the other half was inhibited.
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The single-match and both-match conditions should be 
equally high in power. Because of suppression, power 
for the single-mismatch condition should be lower than 
that for the no-match condition, as reflected in the 
predictor vectors (no match: –0.5, single mismatch: 
–1.5, single match: 1.0, both match: 1.0).

Model 4 assumed that perceptual attention has lim-
ited capacity and would be directed simultaneously to 
both matching probes in the both-match condition. 
Selecting one probe suppresses the other. The both-
match condition should result in lower power than the 
single-match condition but higher power than the 
single-mismatch condition, as reflected in the predictor 
values (no match: –0.5, single mismatch: –1.0, single 
match: 1.0, both match: 0.5).

Model 5 assumed that perceptual attention is directed 
to one stimulus at a time and would switch between 
the probes in the both-match condition. Selecting one 
probe would suppress the other. The suppression 
assumption implies that when one of two probes is 
attended, the power of the other probe is reduced, rela-
tive to the level in the no-match condition. Therefore, 
the power of the single-mismatch condition should be 
lower than the power of the no-match condition. The 
single-match power is again predicted to be higher than 
that of the no-match baseline. For the both-match con-
dition, we needed to average the predictions for the 
single-mismatch condition and the single-match condi-
tion. The former was predicted to be suppressed below 
baseline, and the latter was predicted to be boosted 
above baseline. If the boosting of a single match and 
the suppression of the concurrent single mismatch were 
of about the same size, we expected the SSVEP power 
for the both-match condition to be close to the no-
match baseline, as reflected in the predictor values (no 
match: 0.0, single mismatch: –1.0, single match: 1.0, 
both match: 0.0). Note that the predictions of Model 5 
are not the same as those for Model 4, because when 
attention is shared in time, each matching probe is not 
merely unattended half of the time but is selected 
against and therefore suppressed. In contrast, when 
attention is shared simultaneously, as Model 4 assumes, 
there is never a stimulus that is not attended. Conse-
quently, no stimulus is ever suppressed in the both-
match condition.

Single-trial selection index. To examine the hypoth-
esis that visual working memory operates by shifting the 
focus of attention to one item at a time, we quantified the 
frequency with which a given patch was selected at the 
cost of the concurrent patch. Specifically, the time course 
of the SSVEP amplitude at each frequency was estimated 
for each artifact-free trial by means of a Hilbert transfor-
mation following narrow-band (±0.5 Hz) band-pass 

filtering (Butterworth, eighth order) at 10 Hz and 13.33 
Hz. The Hilbert transformation yields an analytic version 
of a band-pass-filtered empirical signal, shifted by 90°, 
which allows estimation of the envelope of the SSVEP as 
the modulus of the empirical and analytic time series, 
calculated for each time point. For each trial, we obtained 
two SSVEP-amplitude time courses at sensor Oz, one for 
each tagging frequency, thus reflecting the visuocortical 
response to each patch of the probe array. The informa-
tion of the 129-sensor array was pooled into a single time 
series for each tagging frequency by means of principal 
component analysis (PCA), with time points used as vari-
ables; this was followed by averaging across electrodes, 
weighted by PCA factor loadings. In each trial, these two 
time series were then z transformed across time points 
(to eliminate systematic amplitude differences between 
the 10-Hz and 13.33-Hz tags) and subtracted from each 
other (upper tag – lower tag), resulting in a difference 
envelope. The difference between the visuocortical 
responses at each point in time represents the extent to 
which one patch is selected over the other. The differ-
ence envelope tracks the time course of this difference 
and thereby the time course of selection of the upper 
probe (positive values) or lower probe (negative values). 
Note that the z transformation eliminated selective ampli-
tude enhancement of one patch that was stable through-
out the viewing epoch.

The difference envelope for each trial, spatially aver-
aged across site Oz and its three nearest neighbors 
(paralleling the analyses described above), was then 
analyzed using a family of Morlet wavelet functions, 
with a Morlet parameter of 10, tuned to result in high-
frequency specificity in the lower ranges of the spec-
trum where rhythmic sampling across the two stimuli 
was expected. Specifically, the convolution of the 
z-transformed difference envelopes and the data was 
computed for wavelets ranging between 0.87 Hz and 
5.87 Hz in steps of 0.217 Hz. The resulting time-varying 
spectral power was high when visuocortical selection 
of one probe periodically alternated with selection of 
the other probe. Thus, this metric—which we refer to 
as the selection index—was suited to identify conditions 
and time periods in which the focus of attention was 
shifted back and forth between the two probes in a 
rhythmic fashion.

To evaluate condition-related differences in the 
selection indices obtained in Experiments 2 and 3, we 
used a massive univariate testing approach, computing 
an F contrast for each time point of the viewing epoch, 
with alpha level controlled by a permutation approach 
(Groppe, Urbach, & Kutas, 2011). Specifically, we 
defined F-contrast weights for the hypothesis that more 
alternating selective cortical processing of one probe 
would be seen in the both-match condition than in the 
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single-match conditions and the no-match condition: 
both match > single match = no match (contrast values: 
3, −1, −1, −1 for the no-match, single-mismatch, single-
match, and both-match conditions, respectively). In 
addition, we also conducted F contrasts testing the 
hypotheses that single-match conditions prompt greater 
alternating processing than the no-match condition 
(contrast weights: 0, 1, 1, −2 for the no-match, single-
mismatch, single-match, and both-match conditions, 
respectively). Comparing the selection index obtained 
in the four experimental conditions for each time point 
of the epoch resulted in a time series of F values for 
each experiment. Critical F values were determined by 
calculating a permutation distribution under the null 
hypothesis that conditions did not differ, using 8,000 
random permutations of the data set. In each permuta-
tion, the selection-index time-series data were randomly 
shuffled within participants across the four experimen-
tal conditions, and a new time series of F values was 
calculated. The maximum F value of this time series 
entered the test distribution, ultimately consisting of 
8,000 maximum F values. The 95% tail of this distribu-
tion served as the statistical significance threshold.

Results

Behavioral data

Accuracy across the three experiments is reported in 
Table 1. For Experiments 1 and 2, the accuracies across 
conditions were not comparable: No-match conditions 
required a “no” response, whereas the other conditions 
required a “yes” response, so any bias toward one 
response would generate differences in accuracies 
between these conditions. The single-match and both-
match conditions in Experiment 2 differed in the chance 
of detecting at least one match, so better accuracy in 
the both-match condition was expected by chance 
alone. Therefore, we did not statistically compare accu-
racies in these experiments.

In Experiment 3, when participants were required to 
report the orientation of the remembered grating, the 
number of matching probes did not affect the difference 
in the reported orientation from the actual orientation. 
Specifically, the no-match condition did not signifi-
cantly differ from the single-match condition, t(19) = 
0.50, p = .62; the single-match condition did not sig-
nificantly differ from the both-match condition, t(19) = 
−0.4, p = .68; and the no-match condition did not sig-
nificantly differ from the both-match condition, t(19) = 
−0.1, p = .92.

Mean SSVEP amplitude

In Experiment 1, the control ANOVA testing for any 
potential effects of probe location (Fig. 4) resulted in 

a main effect of condition, F(2, 30) = 5.251, p = .011, 
ηp

2 = .259, and no main effect of location or interaction. 
A follow-up contrast analysis was conducted to test the 
hypothesis that the single-mismatch condition was 
attenuated (suppressed) relative to the no-match condi-
tion, and the single-match condition was amplified rela-
tive to the no-match condition; thus, the weights for 
the no-match, single-mismatch, and single-match condi-
tions were 0, −1, and 1, respectively. This resulted in a 
significant contrast in which the single-mismatch condi-
tion was suppressed and the single-match condition 
was amplified relative to the no-match condition, F(1, 
15) = 11.06, p = .005, r2 = .64.

In Experiment 2, the ANOVA resulted in a main effect 
of condition, F(2, 38) = 3.276, p = .049, ηp

2 = 1.47 (Fig. 
5). A follow-up trend analysis across the no-match, sin-
gle-mismatch, single-match, and both-match conditions 
with contrast weights 0, −1, 1, and 0, respectively, sug-
gested that the single-mismatch condition was sup-
pressed and the single-match condition was amplified, 
relative to the no-match and both-match conditions, F(1, 
19) = 9.44, p = .006, r2 = .57. In Experiment 3, the ANOVA 
also resulted in a main effect of condition, F(1, 19) = 
6.391, p = .02, ηp

2 = .252. A follow-up trend analysis 
across the no-match, single-mismatch, single-match, and 
both-match conditions with contrast weights 0, −1, 1, 
and 0, respectively, suggested that the single-mismatch 
condition was suppressed and the single-match condition 
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Fig. 4. Power of the steady-state visual evoked potential (SSVEP) 
in Experiment 1 as a function of condition and location of the probe 
(i.e., the upper tag and lower tag). We compared trials in which 
neither probe matched an item in the memory set (i.e., the no-match 
condition) with trials in which a single probe matched an item in 
the memory set. The single-match condition was subdivided into the 
tagging frequency of the matching probe (i.e., the single-match con-
dition) and that of the nonmatching probe (i.e., the single-mismatch 
condition). As a control, we also assessed whether the location of 
the probe showed any overall differences in SSVEP power. Error bars 
represent standard errors of the mean.
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was amplified, relative to the no-match and both-match 
conditions, F(1, 19) = 19.35, p < .001, r2 = .70.

Bayesian analysis of SSVEP power

The Bayes factors in favor of Models 1 through 5 in 
comparison with the null model were 152, 1,149, 3,864, 
15,549, and 474,838, respectively. Thus, strongest sup-
port was obtained for Model 5. This is evidence for a 
model in which perceptual attention has limited capac-
ity, attention alternates between stimuli when two stim-
uli are functionally relevant, and the stimulus not 
currently selected is suppressed. The Bayes factor com-
paring the likelihood of the data under Model 5 with 
the likelihood of the data under Model 4 can be calcu-
lated as the ratio of these two Bayes factors relative to 
the null model; this gives a result of 30.5. Thus, if we 
assume equal priors for all models, then in light of the 
data, Model 5 should be regarded as 30 times more 
probable than Model 4 and even more probable com-
pared with any of the other models. Model 5 assumes 

that in the both-match condition, perceptual attention 
alternates between the two matching stimuli. Under the 
assumption that perceptual attention reflects the infor-
mation in the focus of attention in working memory, this 
model implies that the focus of attention either is directed 
at neither stimulus or alternates between the two items 
in working memory. If the focus alternates, we would 
expect an oscillatory pattern of SSVEP amplitude fluctua-
tions over time in the both-match condition. Therefore, 
we next investigated whether we could find evidence 
for such an oscillation.

Electrophysiological single-trial 
selection index

The time-varying selection indices of the SSVEP in each 
condition reflect the degree to which selectivity of neu-
ral amplification or suppression fluctuates in an oscil-
latory pattern over time with a given frequency (Figs. 
6a and 6b). Robust oscillatory power reflective of alter-
nating selection of stimuli was observed in the 3-Hz to 
4-Hz range throughout experiments and conditions 
(Fig. 6c). We compared the time-varying power across 
the four conditions, computing an F contrast for each 
time point and frequency, which represented our pre-
diction of higher fluctuation in the both-match condi-
tion than in the other conditions (see the Method 
section). We determined this F contrast to be significant 
if the F value fell above the 97.5th percentile of 8,000 
maximum F values generated from randomly permuted 
data (Fig. 6d). The F values exceeded significance for 
fluctuation frequencies between 2.84 Hz and 3.70 Hz 
from 488 ms to 922 ms (Experiment 2) and for fluctua-
tion frequencies between 2.61 Hz and 3.26 Hz from  
408 ms to 860 ms (Experiment 3) following onset of 
the probe stimuli. The significant F values index the 
time periods during which the rhythmic fluctuation of 
selectivity over time was higher in the condition in 
which both items matched working memory representa-
tions than in any other condition (Fig. 6e). By contrast, 
no F value for the contrast of single-match to no-match 
exceeded the permutation threshold.

Discussion

We investigated (a) whether attentional selection of 
stimuli matching an item in working memory affects 
visuocortical activity, (b) whether that activity can be 
detected using the SSVEP technique, (c) whether the 
nonattended stimulus, is suppressed when working 
memory content facilitates attending to one of two 
visual stimuli, and (d) how two items held in working 
memory modulate representations of two matching 
probes in visual cortex across time. In Experiment 1, 
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we observed increased SSVEP amplitudes to the match-
ing probe (i.e., the orientation held in memory), as 
expected if visuocortical capacity was selectively 
directed to it. The sensitivity of probe-evoked SSVEPs 
to working memory content provides additional evi-
dence for the hypothesis that the contents of working 
memory affect visual attention to a matching stimulus 
(van Moorselaar et al., 2014), and this lays the ground-
work for addressing the next two questions.

Nonmatching stimuli were suppressed when compet-
ing with matching stimuli: The visuocortical response 
of nonmatching stimuli was diminished by the presence 
of a matching stimulus, compared with another non-
matching stimulus. This is consistent with theories of 
selective attention that assume that selecting one stimu-
lus entails suppression of the representations of other, 
potentially competing stimuli (Bridwell & Srinivasan, 
2012; Reynolds & Heeger, 2009).

To address the question of how perceptual items are 
selectively attended when there are multiple matching 
items held in visual working memory, we considered 
five alternative models, crossing three assumptions 
about the allocation of perceptual attention with two 
assumptions about the extent to which attention to one 
probe entails suppression of the unattended probe. The 
best-fitting model incorporated the assumption that 
attention is directed to one stimulus at a time while 
suppressing the other: When two stimuli match an item 
in working memory, attention alternates between the 
two stimuli. Because visual attention in the present 
experiments was controlled by a match to an item in 
working memory, the best explanation for this alterna-
tion is that the focus of attention in working memory 
selects one item at a time in an alternating fashion, 
which in turn directs attention to matching stimuli.

In the first two experiments, the nature of the choice 
response encouraged participants to attend to the 
probes matching a memory item. In contrast, in Experi-
ment 3, the probe stimuli were used as distractors that 
were irrelevant to the task, so there was no benefit in 
attending to them (Fig. 1). In Experiment 3, we removed 
the task relevance of the probe stimuli and obtained 
the same pattern of results. This strengthens the argu-
ment that attention serially selects stimuli that match 
the current content of the focus of attention in working 
memory regardless of whether the stimuli are task rel-
evant, in line with the results of studies on attentional 
capture (Olivers & Eimer, 2011; Soto et al., 2008), in 
which the content of working memory is shown to bias 
perceptual attention toward a task-irrelevant perceptual 
stimulus.

The observation of no difference in SSVEP power 
between the both-match and the no-match condition is 
compatible with a model in which attention alternates 

between the two stimuli in the both-match condition 
(Model 5). However, this finding could also indicate 
that the neural representation of two concurrent match-
ing items no longer involves striate cortex, the main 
source of the contrast-evoked SSVEP signal. To adjudi-
cate between these competing hypotheses, we investi-
gated the time course of selectivity among the competing 
stimuli at the level of single trials (Fig. 6).

Our analysis of the time course of selectivity tested 
the following prediction: If attention switches back and 
forth between two stimuli, then the SSVEP amplitudes 
of the two stimuli should be negatively correlated over 
time: Whenever one representation is amplified, the 
other should be relatively decreased. No such negative 
correlation is predicted when attention is constantly 
allocated to both stimuli at the same time. Here, we 
introduced a novel method for testing this prediction. 
For each time point, we computed the difference of the 
neural response to the two concurrent stimuli as an 
index of selectivity. A negative correlation between 
these responses over time implies that the selectivity 
index fluctuates over time. We found that when two 
concurrent stimuli each match the content of working 
memory, they are attended to in an oscillatory fashion, 
alternating between representations at a rate of 3 Hz 
to 4 Hz, during the first second of the probe presenta-
tion. The rhythmic alternation of perceptual attention 
between the two stimuli is probably not caused by their 
matching two items in working memory. There are two 
reasons for this conclusion.

First, we obtained evidence for rhythmic alternation 
of SSVEP power between the two stimuli at about 4 Hz 
even in the no-match condition, in which attention was 
not influenced by a match to working memory contents. 
Second, similar oscillatory attentional sampling at simi-
lar frequencies has been demonstrated in various para-
digms in which multiple stimuli competed for spatial 
attention (Gray, Frey, Wilson, & Foxe, 2015; Landau, 
Schreyer, van Pelt, & Fries, 2015; Macdonald, Cavanagh, 
& VanRullen, 2014; Schroeder, Wilson, Radman, Scharfman, 
& Lakatos, 2010). That said, taking the two observations 
together—rhythmic alternation of perceptual attention 
between the two stimuli and attentional capture by 
stimuli that match an item in working memory—implies 
that only one item in working memory contributes to 
controlling which stimulus is attended at any moment 
in time; when both items in working memory match a 
stimulus, then these items alternate controlling percep-
tual attention at a rate of about 3 Hz to 4 Hz. This rate 
of alternation is consistent with behavioral findings 
indicating that it takes between 150 ms and 300 ms to 
switch the focus of attention from one item in working 
memory to another (Hedge, Oberauer, & Leonards, 
2015; Oberauer, 2003).
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Our finding that the contents of working memory 
modulate the strength of representations of matching 
stimuli in the visual cortex could be interpreted in two 
ways. One is that representations of items in working 
memory in more anterior cortical areas (in particular, 
in the frontal and parietal cortex) exert a top-down 
modulatory influence on sensory cortex that amplifies 
the neural activity elicited by matching stimuli. Another 
interpretation, more consistent with the sensory-recruit-
ment hypothesis of working memory (Postle, 2006), is 
that the working memory items themselves are repre-
sented in the same neural networks of visual cortex as 
the probe stimuli. Consequently, when they match, their 
activity adds up, resulting in amplification of the SSVEP 
power. One observation from our experiments leads us 
to favor the first scenario: The SSVEP power reflects 
strong competition between the two stimuli, with ampli-
fication of the attended stimulus entailing equally 
strong suppression of the unattended stimulus. As a 
consequence, the SSVEP power of each stimulus was 
no larger in the both-match condition than in the no-
match condition. This mutual neutralization is not con-
sistent with the behavior of neural correlates of working 
memory contents (such as the contralateral delay activ-
ity), which increase with the number of items held in 
working memory (Vogel & Machizawa, 2014). We ten-
tatively conclude that there is less—if any—neural com-
petition between representations in working memory 
than there is between perceptual representations. 
Therefore, attending to one item in working memory 
does not usually erase the other, nonattended items 
from working memory. For instance, when attention is 
directed to one item in working memory by a retrospec-
tive cue, memory for the other items is reduced but not 
entirely lost (for reviews, see Myers, Stokes, & Nobre, 
2017; Souza & Oberauer, 2016).

In summary, when two concurrent stimuli in the 
environment match items held in working memory, 
both are selectively amplified in the visual cortex, but 
not at the same time. Rather, one item of the two is 
selected in an alternating fashion. This finding provides 
direct evidence for the notion that only one item in 
working memory—the one currently held in the focus 
of attention—is capable of capturing visual selective 
attention at any time (Olivers et al., 2011). This alterna-
tion of prioritized information in working memory is 
consistent with the idea that perceptual attention sam-
ples information rhythmically (Fries, 2015; VanRullen, 
2016), alternating between stimuli in situations that 
demand divided attention (Helfrich et al., 2018; Landau 
et al., 2015; Macdonald et al., 2014).
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