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Delayed working memory consolidation
during the attentional blink
EDWARD K. VOGEL and STEVEN J. LUCK
University of Iowa, Iowa City, Iowa
After the detection of a target (T1) in a rapid stream of visual stimuli, there is a period of 400–
600 msec during which a subsequent target (T2) is missed. This impairment in performance has been
labeled the attentional blink. Recent theories propose that the attentional blink reflects a bottleneck
in working memory consolidation such that T2 cannot be consolidated until after T1 is consolidated,
and T2 is therefore masked by subsequent stimuli if it is presented while T1 is being consolidated. In
support of this explanation, Giesbrecht & Di Lollo (1998) found that when T2 is the final item in the
stimulus stream, no attentional blink is observed, because there are no subsequent stimuli that might
mask T2. To provide a direct test of this explanation of the attentional blink, in the present study we
used the P3 component of the event-related potential waveform to track the processing of T2. When
T2 was followed by a masking item, we found that the P3 wave was completely suppressed during the
attentional blink period, indicating that T2 was not consolidated in working memory. When T2 was the
last item in the stimulus stream, however, we found that the P3 wave was delayed but not suppressed,
indicating that T2 consolidation was not eliminated but simply delayed. These results are consistent
with a fundamental limit on the consolidation of information in working memory.

The visual working memory system has two significant
limitations. First, it has a storage capacity of only three to
four items (Sperling, 1960; Vogel, Woodman, & Luck,
2001). Second, the process that consolidates transient perceptual representations into durable working memory representations is slow and attention demanding (Jolicœur &
Dell’Acqua, 1998; Potter, 1976). This second limitation has
received considerable study in the context of attentional
blink experiments, in which a subject attempts to detect
two targets embedded in a rapid stream of stimuli. When
the second target (T2) is presented within a few hundred
milliseconds after the first target (T1), the observer is frequently unable to report the identity or even the presence
of T2 (Broadbent & Broadbent, 1987; Reeves & Sperling,
1986). This period of suppressed performance for T2 occurs only when subjects are instructed to attend to T1, and
it is analogous to the impairment that would be triggered
by a T1-triggered eyeblink; thus, it has been labeled the
attentional blink (Raymond, Shapiro, & Arnell, 1992).
Many studies have demonstrated that T2 is fully perceived during the attentional blink period even though it
cannot be accurately reported (Jolicœur & Dell’Acqua,
2000; Maki, Frigen, & Paulson, 1997; Shapiro, Driver,
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Ward, & Sorensen, 1997; Vogel, Luck, & Shapiro, 1998),
implying that the impaired performance arises at a postperceptual stage. Most explanations of the attentional blink
have therefore focused on impairments in working memory in general and the process of working memory consolidation in particular (Chun & Potter, 1995; Giesbrecht &
Di Lollo, 1998). These explanations propose that the rapid
rate of stimulus presentation in this paradigm makes it
necessary to protect the perceptual representations of T1
and T2 from being overwritten by subsequent stimuli.
However, because this consolidation process is relatively
slow, T1 may still be undergoing consolidation when T2 is
presented, and T2 may therefore be overwritten by subsequent stimuli.
Giesbrecht and Di Lollo (1998) provided support for
this explanation by demonstrating that the impairment in
T2 accuracy during the attentional blink period is a consequence of visual masking. Using variants of the standard
attentional blink paradigm, they compared two conditions,
one in which T2 was followed by a single nontarget item
(masked condition), and one in which T2 was the last item
in the stream (unmasked condition). In the masked condition, they found a normal attentional blink pattern, with
impaired accuracy when T1 preceded T2 by two to five
items. However, in the unmasked condition, no attentional
blink was observed. That is, accuracy was nearly perfect
irrespective of the delay between T1 and T2. This was not
merely a ceiling effect, because the same pattern was observed when T2 was presented with simultaneous masking
noise that lowered performance away from ceiling. These
results suggest that the attentional blink occurs because T2
is overwritten by the subsequent nontarget item, which in
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turn occurs because consolidation processes are being devoted to T1 and are unavailable for T2.
This interpretation implies that the perceptual representation of T2 can persist for a significant period of time
if it is not followed by another stimulus (see Ross & Jolicœur,
1999). That is, when T2 is the last item in the stream, its perceptual representation is still available when the consolidation of T1 has been completed. The perceptual representation of T2 is then transferred into working memory
once the consolidation of T1 has been completed. Thus,
when T2 is followed by additional items, it fails to be consolidated in working memory during the attentional blink
period, but when T2 is the final item, there is merely a delay
in the transfer of T2 into working memory. This delay is
presumably short enough so that it does not lead to substantial decay of the T2 representation. In the present study, we
tested this explanation by using event-related potentials
(ERPs) to measure the time course of T2 processing.
The proposed delay in the transfer of T2 into working
memory could potentially be measured with behavioral
reaction time (RT) measures. For example, it seems plausible that the T2 RT would be slower during the typical attentional blink period. Indeed, Zuvic, Visser, and Di Lollo
(2000) measured RTs to unmasked T2 items and found a
significant slowing of RTs when the delay between the
two targets was short, which suggests that consolidation
processes were delayed. However, this approach requires
an immediate speeded response to T2 and consequently
increases the response selection load for T2. As a result,
the RT delays may have been caused by delays in response
selection rather than delays in working memory consolidation. ERP recordings, in contrast, make it possible to measure the time course of T2 processing without any special
response requirements. Moreover, they can provide more
direct information regarding the specific stage of processing that is delayed.
The present study focuses on the P3 wave, which is the
third major positive ERP component and typically peaks
around 400 msec poststimulus for a visual target. The P3
wave is broadly distributed across most of the scalp, but it
is usually maximal at central and parietal electrode sites.
P3 amplitude is inversely related to the probability of a
task-defined stimulus class. For example, if a subject is
shown a series of pictures of animals containing 10% birds
and 90% mammals and is asked to indicate whether each
animal is a bird or a mammal, the birds will elicit a large
P3 wave and the mammals will elicit a small P3 wave. From
this sensitivity to the probability of task-defined stimulus
categories, it can be inferred that the P3 wave must occur
after the subject has classified the stimulus according to
task-specific rules, and the P3 wave must therefore reflect
a postperceptual process. Moreover, several studies have
shown that the P3 reflects a process that precedes response
selection (e.g., Kramer, Wickens, & Donchin, 1983; Magliero, Bashore, Coles, & Donchin, 1984).
On the basis of findings such as these, Donchin and
Coles have proposed that the P3 wave reflects the updating of working memory (Donchin, 1981; Donchin & Coles,

1988). We have previously found that the T2-elicited P3
wave was completely suppressed during the attentional
blink period whereas earlier ERP components were not
suppressed (Vogel et al., 1998), consistent with the proposal that the T2 item is perceived but not stored in working memory during the attentional blink period. In the present study, we include conditions in which T2 is the last
item in the stimulus stream. If the consolidation model of
the attentional blink is correct, and the consolidation of
T2 is delayed when T2 is unmasked, the P3 component
should not be suppressed in these conditions, but should
merely be delayed.
Stimuli are presented at a rapid rate in the attentional
blink paradigm, and the ERP response to one stimulus is
therefore overlapped by the ERP responses elicited by the
preceding and subsequent stimuli. To isolate the T2elicited P3 wave, we used a subtraction technique that
takes advantage of the probability sensitivity of the P3
wave (for more details, see Vogel et al., 1998). Specifically,
the T2 stimulus was either the letter E or a non-E letter,
with E presented on 25% of the trials and a non-E letter
presented on 75% of the trials. Subjects reported whether
T2 was an E or a non-E letter. Because the P3 wave should
be much larger for the infrequent E stimuli than for the
frequent non-E stimuli, it is possible to isolate the T2elicited P3 wave by subtracting non-E trials from E trials.
This subtraction procedure eliminates any brain activity
except the differential brain activity elicited when T2 is an
E versus a non-E, and the responses to the preceding and
subsequent stimuli are therefore subtracted away.
METHOD
Subjects
Ten college students participated for course credit or monetary
compensation. These subjects were 18–20 years old, reported normal or corrected-to-normal visual acuity, had normal color vision,
and reported no history of neurological problems.
Stimuli and Procedure
The stimuli were presented on a computer monitor with a gray
background (6.7 cd/m2) at a distance of 70 cm. As is illustrated in
Figure 1, each trial consisted of a rapid serial stream of 19 letters
and a single digit. Each character in the stream was presented individually at fixation for 33 msec, followed by a 50-msec interstimulus interval. The characters were 0.8º in height and varied proportionally in width. The nontargets were randomly selected uppercase
letters (A–Z, with the exception of E), drawn in black (2.6 cd/m2).
T1 was a digit, also drawn in black. T2 was an uppercase letter,
drawn in white (17.1 cd/m2); this letter was the letter E on 25% of
the trials and some other letter, selected at random, on 75% of the trials. At the end of each trial, the subjects pressed one of two buttons
to indicate whether T1 was an even or odd number, and they pressed
a third button if T2 was the letter E. These responses were unspeeded.
As is shown in Figure 1, T2 was always either the third or the seventh character following the T1 (denoted as lag 3 and lag 7), and either was the last item in the stream (unmasked) or was followed by
a single distractor (masked). Because each sequence consisted of 20
stimuli, the sequential position of T1 was determined by the T1–T2
lag and by whether T2 was the final or the penultimate item in the
sequence. For example, when T2 was the penultimate item and the
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Figure 1. Sequences of stimuli presented serially at fixation. The upper row displays
a lag 3 masked trial. The lower row displays a lag 7 unmasked trial.

T1–T2 lag was 7 items, T1 was the 12th item in the stream. The subjects performed 140 trials of each combination of lag and mask conditions, distributed across six blocks.
Recording and Analysis
Electroencephalographic (EEG) and electrooculographic (EOG)
recordings were made with our standard recording procedures (described in Vogel et al., 1998). Trials containing ocular artifacts (primarily eye blinks) were excluded from the averaged ERP waveforms.
These artifacts led to the rejection of a mean of 11% of trials (the
maximum rejection rate for an individual subject was 17%). The averaged ERP waveforms were time locked to the onset of the T2 letter. Trials with incorrect T1 responses were excluded from the ERP
waveforms and from all behavioral analyses.
The onset latency of the P3 was measured using the fractional area
latency of the component, which was defined as the time point at
which the waveform reached 25% of its area within the time window
of 300 –900 msec poststimulus (see Hansen & Hillyard, 1984; similar results were obtained with traditional peak latency measures). P3
amplitude was measured as the mean amplitude of the waveform
from 300 to 900 msec. All analyses were restricted to the central and
parietal electrode sites, where the P3 wave is largest, but the same
pattern was observed across the scalp.

a simple ceiling effect, Giesbrecht and Di Lollo demonstrated that the same pattern can be obtained when performance is not at ceiling.
Electrophysiology
The infrequent minus frequent difference waveforms
are shown in Figure 3. At the central and parietal electrode
sites, the waveforms primarily consisted of a large positive
deflection beginning at approximately 350–400 msec (the
P3 component). In the masked condition, a significant P3
was elicited at lag 7, but the P3 was completely suppressed
at lag 3 (mean amplitude of approximately 0 mV). This
amplitude difference across the two lags was significant
[F(1,9) 5 24.3, p , .01]. These results replicate Vogel
et al.’s (1998) finding of a suppression of the P3 component for targets presented during the attentional blink.
In the unmasked condition, a substantial P3 component
was elicited at both lag 3 and lag 7. P3 amplitude did not

RESULTS
Behavior
T2 accuracy for the masked and unmasked conditions is
plotted as a function of lag in Figure 2. In the masked condition, performance was very poor at lag 3 but was substantially higher at lag 7. However, in the unmasked condition, performance was nearly perfect at both lags. We
performed a two-factor analysis of variance (ANOVA)
with masking condition (masked vs. unmasked) and lag
(3 vs. 7) as repeated measures factors. This analysis
yielded significant effects of both masking condition
[F(1,9) 5 255.38, p , .001] and lag [F(1,9) 5 139.32,
p , .001], and a significant lag 3 masking interaction
[F(1,9) 5 246.65]. Mean T1 accuracy was at 91.7%, with
no significant effect of either lag or masking condition
(both Fs , 1). This pattern of results replicates Giesbrecht
and Di Lollo’s (1998) finding of a normal attentional blink
deficit for masked T2 items and no attentional blink when
T2 is not followed by a mask. Note that, although the lack
of an attentional blink in the unmasked condition could be

Figure 2. Accuracy for the second target (T2) as a function of
lag for the masked and unmasked conditions.
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Figure 3. Grand average difference waveforms (infrequent T2 minus frequent T2) for two
electrode sites (Cz and Pz) for each of the conditions. Note that negative voltage is plotted upward.

differ significantly across the two lags [F(1,9) 5 1.21, p .
.25]. However, P3 onset latency was approximately 104 msec
later for lag 3 than for lag 7 [F(1,9) 517.31, p , .01]. As
predicted by consolidation models, P3 onset latency was
indeed substantially delayed for targets presented during
the typical attentional blink period.
As in the study of Vogel et al. (1998), the probabilitysensitive P2 component (peak latency of about 250 msec)
was suppressed during the attentional blink in both the
masked and the unmasked conditions (both ps , .01). Unfortunately, there is very little evidence regarding which
cognitive process the P2 reflects, and it is therefore difficult to make even a tentative interpretation of this P2 suppression effect.
DISCUSSIO N
The primary goal of this study was to test the delayedconsolidation hypothesis by measuring the onset latency
of the P3 component for unmasked T2 items presented either during or after the typical attentional blink period.
When T2 was followed by a mask, we found evidence of
a large attentional blink, with substantial suppression of
both accuracy and P3 amplitude at lag 3 relative to lag 7.
When T2 was not followed by a mask, we found no behavioral evidence of the attentional blink, with equally
high accuracy for both lags. However, when an unmasked
T2 was presented at lag 3, the onset latency of the P3 was
delayed by over 100 msec relative to lag 7. That is, despite
the absence of a behavioral attentional blink for unmasked
targets, P3 latency was delayed during the typical attentional blink period.
The results of our four conditions closely match the predictions made by consolidation models of the attentional
blink (Chun & Potter, 1995; Jolicœur, 1999; Jolicœur & Dell’
Acqua, 1998). When T2 is masked at short lags, the mod-

els predict that T2 should be overwritten by a subsequent
stimulus prior to being consolidated, which is consistent
with our finding of a complete suppression of the P3 during the attentional blink. When T2 follows shortly after
T1 but is not masked, consolidation of T2 is again postponed, and this is reflected by the delayed onset of the P3
wave. However, the absence of a mask allows the T2 representation to remain sufficiently active to be consolidated
after T1 processing is complete, leading to accurate behavioral responses. Thus, the pattern of P3 amplitude and
latency effects observed here fits perfectly with the predictions of consolidation models of the attentional blink.
Some investigators have argued against the proposal
that the P3 wave reflects the updating of working memory
(e.g., Verleger, 1988), but the conclusions of the present
study are not tied to this specific hypothesis. The procedures used here guarantee that the P3 activity shown in
Figure 3 reflects processing that follows the task-defined
categorization of the stimulus, and other studies have
shown that the P3 wave reflects processes that precede response selection (e.g., McCarthy & Donchin, 1983). Thus,
we can conclude with confidence that the present results
indicate that central processes within a relatively narrow
range are postponed during the attentional blink. When
coupled with the finding that masking of T2 is crucial for
producing an attentional blink (Giesbrecht & Di Lollo,
1998), working memory consolidation seems to be the
best candidate for the delayed process.
In addition to providing evidence in support of consolidation models of the attentional blink, the present study
also supports a distinction between the mechanisms underlying the psychological refractory period (PRP) and
the attentional blink. The PRP is a well-studied behavioral
phenomenon observed when a subject must make speeded
responses to each of two unmasked targets (again called
T1 and T2). Responses to T2 are slowed when T2 is pre-
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sented within a few hundred milliseconds after T1, and
this bears a close resemblance to the attentional blink paradigm. However, whereas most models of the attentional
blink have focused on limitations in working memory
consolidation, models of the PRP have indicated that limitations on later processing stages such as response selection (De Jong, 1993; Johnston, McCann, & Remington,
1996; Pashler, 1989) or strategic task scheduling (Meyer
& Kieras, 1997; Schumacher et al., 2001) could be the
cause of this dual-task slowing. In a recent study of the
locus of the PRP, Luck (1998) found that P3 latency was
not substantially delayed during the PRP, despite a substantial slowing of response times. These results indicated
that the processing delay during the PRP occurs sometime
after the target reaches working memory, which is consistent with postmemory consolidation models of the PRP.
Therefore, the present finding of a delayed P3 during the
attentional blink provides a clear temporal distinction between the consolidation process and the later response/
strategy-related processes that underlie the PRP effect.
Presently, there is substantial evidence that these two
mechanisms of attention utilize the same underlying central resources (Jolicœur, 1999). However, the present results suggest that although they may draw from similar resources, the attentional blink and PRP reflect interference
at temporally distinct processing stages.
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