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The attentional blink refers to the transient impairment in perceiving the 2nd of 2 targets presented in
close temporal proximity. In this article, the authors propose a neurobiological mechanism for this effect.
The authors extend a recently developed computational model of the potentiating influence of the locus
coeruleus–norepinephrine system on information processing and hypothesize that a refractoriness in the
function of this system may account for the attentional blink. The model accurately simulates the time
course of the attentional blink, including Lag 1 sparing. The theory also offers an account of the close
relationship of the attentional blink to the electrophysiological P3 component. The authors report results
from two behavioral experiments that support a critical prediction of their theory regarding the time
course of Lag 1 sparing. Finally, the relationship between the authors’ neurocomputational theory and
existing cognitive theories of the attentional blink is discussed.
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Recent research has suggested that the neuromodulatory brain-
stem nucleus locus coeruleus (LC) is critical for the regulation of
cognitive performance (Aston-Jones, Rajkowski, & Cohen, 1999,
2000; Robbins, 1997). The LC exhibits a strong phasic increase in
activity during the processing of motivationally relevant stimuli,
leading to the release of the neuromodulatory neurotransmitter
norepinephrine (NE) in widespread cortical projection areas
(Aston-Jones, Foote, & Bloom, 1984). This LC-mediated norad-
renergic innervation increases the responsivity of efferent target
neurons, which is thought to facilitate processing in response to a
stimulus (Waterhouse & Woodward, 1980; for a review, see Ber-

ridge & Waterhouse, 2003). In contrast, local NE release within
the LC has an inhibitory effect (Aghajanian, Cedarbaum, & Wang,
1977; Egan, Henderson, North, & Williams, 1983; Washburn &
Moises, 1989; Williams, Henderson, & North, 1985), leading to a
brief period of quiescence following the phasic response during
which LC–NE-mediated facilitation of information processing is
largely unavailable. The duration of this refractory-like period (cf.
Usher, Cohen, Servan-Schreiber, Rajkowski, & Aston-Jones,
1999) coincides with the temporal profile of a cognitive phenom-
enon known as the attentional blink, a temporary deficit in pro-
cessing of a target stimulus following successful processing of a
previous target (Raymond, Shapiro, & Arnell, 1992).

In this article, we propose that the attentional blink may be
caused by the specific dynamics of the LC–NE neuromodulatory
system. To illustrate the explanatory power of this hypothesis in a
formal fashion, we conducted simulations of performance in the
attentional blink paradigm, using an existing computational model
of LC function (Gilzenrat, Holmes, Rajkowski, Aston-Jones, &
Cohen, 2002). With minimal modification to this model, we show
that it captures several critical features of the attentional blink
phenomenon. In addition, we present empirical data from two
behavioral experiments that support a critical prediction of our
hypothesis. The implications of the LC–NE hypothesis for under-
standing other empirical phenomena, such as the relationship be-
tween the attentional blink and the electrophysiological P3 com-
ponent, are discussed. Finally, we point out that our efforts should
not be regarded as a challenge to existing cognitive theories of the
attentional blink—instead, our account may suggest a neural basis
for the functional mechanisms outlined in these theories. However,
our account does highlight the important influence that neuro-
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means that targets are at risk of being missed (i.e., may fail to be encoded
into short-term memory for later retrieval). Accordingly, to capture this
LC-mediated facilitation of responses to targets, we parameterized the
behavioral network so that in the absence of an LC phasic response, the
model did not reliably detect a target. Because of this reliance of target
detection on the LC phasic response, and the refractoriness of this re-
sponse, the LC phasic response can be viewed as a bottleneck, or limited-
capacity resource, in our model.

Stimulus presentation. The model was presented with an RSVP stream
typical of attentional blink studies. Each stimulus was presented to the model
for a duration of two units of model time (approximately the equivalent of 100
ms; see the Appendix). On each trial, a series of 12 stimuli was presented to
the model. To simulate a “midstream” arrival of T1, the first 3 stimuli were
always distractors, and the 4th stimulus was always T1. Of the remaining 8
stimuli, 7 were distractors, and 1 was T2. The position of T2 ranged from

immediately following T1 (i.e., at Lag 1) to 6 stimuli following T1 (i.e., at Lag
6). We simulated 1,000 trials for each of the six T1–T2 lags. T1 and T2
detection accuracy (correct detection or miss) was recorded on each trial. In
addition, we simulated a control condition in which the model was required to
detect a single target only. This simulation was the same as described above,
except that on each trial, T1 was replaced with a distractor stimulus. This was
meant to simulate a standard control condition in attentional blink research,
which involves presenting both T1 and T2 but instructing subjects to ignore T1
and to respond only to T2.3

Results

LC dynamics. Figure 3 illustrates the activation dynamics of
the abstracted LC during presentation of the RSVP stream as a
function of the lag between T1 and T2. Irrespective of lag length,
presentation of T1 leads to a sharp increase in LC activity, in turn
causing augmented release of NE. As the value of NE rises, the LC
is suppressed due to autoinhibition, causing LC activity to drop to
subbaseline levels. In the absence of further stimulation (top
panel), levels of NE track LC activation, and the two variables
eventually settle to baseline. Note that the time course and shape
of the simulated LC phasic response show a good correspondence
with empirically observed monkey LC phasic responses (Figure
1B). In contrast to the LC response to T1, the response to T2
presentation critically depends on T1–T2 lag. If T2 is presented
while simulated LC activity is suppressed below baseline due to
persistent local autoinhibitory NE effects (i.e., at Lags 2–3, and, to
a lesser extent, at Lag 4), T2 is unlikely to elicit a second phasic
response; the LC–NE system is in a relatively unperturbable state
during that period.4 However, if T2 is presented after the system
has recovered from its refractory state (i.e., at Lag 5 or later), the
LC exhibits a robust second phasic response.

Figure 4 illustrates the relationship between LC dynamics and
T2 detection accuracy by comparing, for one specific lag (i.e., Lag
2), LC dynamics associated with misses versus correct detections.
Because of the contribution of random noise in the model, the
phasic response after T1 is sometimes larger and sometimes
smaller. As the figure shows, misses are associated with a rela-
tively large LC phasic response to T1. Because of this large
response, the amount of NE released is high, leading to a more
pronounced refractory period. As a result, processing of T2 is

Figure 3. Activation dynamics of the abstracted locus coeruleus (LC) in
the single-target control condition (top) and in the standard attentional
blink condition for Lags 1–6. Note that LC activity and norepinephrine
(NE) output are scaled on separate axes. Time � 0 ms indicates the onset
of the simulated trials; 100 ms corresponds with two units of model time.
Plotted data are averages across all simulated trials and, hence, include T2
correct detections and misses.

3 Alternatively, this could be simulated by attenuating or eliminating the
connection between the T1 decision unit and the LC (i.e., removing T1’s
psychological “salience”). However, doing so would also deprive the LC of
the tonic input provided by the baseline activity of the T1 decision unit,
which forms half of the LC’s total baseline afferent drive. This places LC
baseline state in a less excitable portion of its dynamic range and, therefore,
substantially affects LC phasic responses to T2. We note that this effect
reflects an undesired and unrealistic computational consequence of the
simplifications made by our model that is not representative of our theory;
in the brain, the LC receives tonic drive from a wealth of cortical and
subcortical brain areas, and removing the tonic input from only one of these
afferent sources is very unlikely to substantially influence LC baseline state.

4 At Lag 1, LC activation is not below baseline, but the LC is not
“reperturbable” either. Once LC state crosses its internal threshold, LC
activity tracks a more or less ballistic trajectory, and the additional input of
T2 activity will not significantly affect its course.
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unlikely to elicit a new LC phasic response. In the absence of
LC-mediated facilitation, the detection unit for T2 is less likely to
cross threshold, and therefore this target is more likely to go
undetected. In contrast, correct detections of T2 are typically
preceded by a smaller LC phasic response to T1 and less pro-
nounced refractoriness, increasing the probability that T2 presen-
tation will elicit an LC phasic response of its own and, therefore,
be detected. Thus, these simulations indicate that T2 detection
accuracy is heavily influenced by differences in the magnitude of
the LC phasic response to T1.

Detection accuracy for T1 and T2. The simulated behavioral
results (see Figure 5) replicate several key characteristics of atten-
tional blink effects observed empirically. In the standard atten-
tional blink condition, T2 detection accuracy shows a dramatic
drop for Lags 2 and 3, recovering to a high level of performance
by Lag 5. As outlined above, this pattern of results can be ex-
plained in terms of the degree to which the LC is suppressed at the
time of T2 presentation. Indeed, in the single-target control con-
dition, detection accuracy is at a stable asymptotic level, suggest-
ing that T2 detection is not affected by lag alone but, rather, by the
interaction between T1 and T2 processing. T1 detection accuracy,
averaged across lags, was 83.4%. The model also exhibits Lag 1
sparing: Performance at the shortest lag is almost as good as the
asymptotic level of performance reached for Lags 5 and further.
This aspect of the simulation results can be explained in terms of
the relative timing of T2 (at Lag 1) and the noradrenergic poten-
tiation of T1 processing. As can be seen in Figure 3, the Lag 1
frame occurs well before the peak of NE release associated with
T1. Thus, although T2 does not activate the LC–NE system by
itself, at Lag 1, gain is still elevated sufficiently throughout the
behavioral network to facilitate the processing of T2. As a conse-
quence, performance is relatively accurate.

Experiments

The LC–NE hypothesis of the attentional blink makes several
strong predictions. For example, the presence or absence of an
attentional blink on a particular trial should covary with any

Figure 5. Simulated average T2 detection accuracy as a function of the
temporal lag between the first and the second target (T1 and T2). T1
detection accuracy, averaged across lags, was 83.4% (not plotted here).
AB � attentional blink.

Figure 4. Average activation dynamics of the abstracted locus coeruleus (LC), plotted separately for T2 misses
and correct detections. In this example, only data obtained with T1–T2 Lag 2 are shown. LC activity and
norepinephrine (NE) output are scaled on separate axes. Time � 0 ms indicates the onset of the simulated trials;
100 ms corresponds with two units of model time. Note the difference between correct detections and misses in
the amplitude of the LC phasic response and of the subsequent dip (i.e., refractory period).
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Relationship With Cognitive Theories of the Attentional
Blink

The neurobiological account that we have proposed should not
necessarily be seen as an alternative to existing cognitive theories
of the attentional blink. Rather, the biological mechanisms out-
lined by our account may provide a neural basis for the processes
that are postulated by these cognitive theories. Despite their dif-
ferences, most cognitive theories have in common that they dis-
tinguish between an early processing stage during which all stimuli
are processed to some degree (and targets and distractors are
preattentively differentiated) and a later processing stage during
which targets and other RSVP items compete for limited attention
resources (e.g., Chun & Potter, 1995; Jolicœur, 1998; Shapiro et
al., 1994). While these resources are dedicated to processing of T1,
less attention is available for T2, leaving it vulnerable to decay and
interference from a variety of sources. The LC–NE hypothesis
corresponds well with this functional account of the attentional
blink. In our model, all items are processed to a considerable
degree (up through the decision layer). However, under the data-
limited conditions presented by the RSVP stream, this processing
is not sufficient to consistently detect targets (i.e., to drive the
response units above their detection threshold). Accurate detection
relies on LC-mediated noradrenergic modulation, which functions
as a temporal filter by facilitating the processing of responses to
target stimuli. This noradrenergic modulation is a limited-capacity
attentional resource: Because of LC refractoriness, it is less avail-
able immediately following a first target, and the larger the re-
sponse of the LC–NE system to the first target, the more pro-
nounced this refractoriness.

It is important to note that we do not claim that LC-induced
noradrenergic potentiation is always necessary for target detection
under data-limited conditions. Some prepotent stimuli may have an
inherent baseline activation (or strength of connectivity) that is so
high that very little processing is needed to reach the detection
threshold, and hence, noradrenergic potentiation is not needed
(e.g., one’s own name; Shapiro, Caldwell, & Sorensen, 1997).
Furthermore, the LC–NE hypothesis allows for the possibility that
brain areas other than the LC are able to pick up graded levels of
activation in the decision layer. These may include brain areas
involved in semantic analysis, which is consistent with findings
that missed T2 items can semantically prime subsequent stimuli
and elicit an N400 event-related brain potential when they are
semantically incongruous with a preceding context (e.g., Vogel et
al., 1998).

Cognitive theories have generally ascribed Lag 1 sparing to the
sluggish closing of an attentional gate or attentional window (e.g.,
Chun & Potter, 1995; Raymond et al., 1992). The gate opens
rapidly on presentation of T1 but closes slowly, thus permitting the
next item in the stream (at Lag 1) to enter a higher processing
stage. However, Shapiro, Arnell, and Raymond (1997) have noted
that “such explanations are post hoc in nature and lack any sug-
gestion of a plausible mechanism able to account for this outcome”
(p. 295). An attractive feature of the LC–NE hypothesis is that it
proposes a single mechanism that provides a unified account of the
attentional blink and Lag 1 sparing. During the attentional blink,
noradrenergic potentiation is unavailable, but items immediately
following T1 may still benefit from the NE release associated with

T1. The time window of this T1-induced noradrenergic potentia-
tion may thus present a neural correlate of the attentional gate or
window invoked by cognitive theories of the attentional blink.

Conclusions and Directions for Future Research

Neurophysiological data and computational modeling have sug-
gested a crucial role for the LC–NE system in attention and
goal-directed behavior. Here, we propose that the attentional blink,
a phenomenon that plays a central role in the attention literature,
may be explained as a result of the refractoriness displayed by the
LC–NE system following salient stimuli. Using model simula-
tions, we demonstrated that this and other properties of the LC–NE
system may produce the strong nonlinearity that is typical of the
performance accuracy functions obtained in attentional blink ex-
periments. Our research highlights the value of computational
modeling in understanding complex dynamical phenomena such as
the attentional blink, and it produces further evidence suggesting
that brainstem neuromodulatory nuclei may play a central and
critical role in cognitive processing.

The current research suggests several directions for future re-
search. One important goal for future research will be to search for
and validate potential noninvasive measures of LC–NE activity in
humans that can then be correlated with attentional blink perfor-
mance. Our model is based primarily on the dynamics of LC firing
and NE release in the monkey, so an important imperative is to
confirm that the dynamics of these functions are similar in the
human. As we have noted, the electrophysiological P3 potential is
an important candidate for doing so, and considerable progress has
been made in validating this potential as a correlate of LC-induced
noradrenergic potentiation (Nieuwenhuis et al., 2005). Additional
research is also needed to elaborate the possible correlational
relationship between pupil diameter and LC activity that is sug-
gested by findings from nonhuman primate studies (e.g., Aston-
Jones, Ennis, Pieribone, Nickell, & Shipley, 1986). Preliminary
experimental evidence suggests that phasic and tonic changes in
pupil diameter closely track the time course of LC activity (Gil-
zenrat, Cohen, Rajkowski, & Aston-Jones, 2003; Rajkowski, Ku-
biak, & Aston-Jones, 1993). Furthermore, the current work may
motivate the development of new methods (e.g., noradrenergic
ligands) that will enable the use of neuroimaging methods for
imaging the LC with sufficient anatomical precision.

A second promising direction for future research will be to
examine the impact on attentional blink performance of drugs that
influence activity of the LC–NE system. Pharmacological studies
have already established that clonidine, a noradrenergic autorecep-
tor agonist, affects target detection performance in humans and
nonhuman primates (e.g., Coull, Middleton, Robbins, & Sahakian,
1995). The current theory may be used as a guide in formulating
specific predictions about how such drugs should modulate target
detection performance in the attentional blink task. Of course, the
theory may also inspire new predictions for standard behavioral
experiments. As an example, Olivers and Nieuwenhuis (2005)
have recently found that the attentional blink is significantly ame-
liorated under task circumstances that induce a more distributed
state of mind. This research was motivated in part by the strong
dependence of the LC phasic response on tonic LC activity, an
important determinant of general arousal state (see Footnote 1).
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Finally, a critical objective for future research will be the devel-
opment of an attentional blink paradigm that is suitable for primate
research. This will allow a direct test of the link between LC
activity, as measured with single-cell recordings, and attentional
blink performance.
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Appendix

Details of Model and Simulations

Model Units

The behavioral network of the model consists of several connectionist
units, each representing an assembly of cells dedicated to a particular
computation in the information processing stream (Rumelhart & McClel-
land, 1986). Generally, the state Xi of each unit i is updated on a cycle-
by-cycle basis by numerically integrating the following ordinary differen-
tial equation:

Ẋ i � � Xi � �
j

wij f (Xj) � �i (1)

where j iterates over all units in the network (including i � j, allowing for
recurrent connectivity), and wij is the connection strength (or weight) from
unit j to unit i. The term –Xi represents decay (or “leak”), and the term �i

represents stochastic noise, drawn from a Gaussian distribution with 0
mean and standard deviation � (fixed to 0.15 in the current simulations),
independently for each unit. The function f describes the sigmoidal acti-
vation function,

f(Xi) �
1

1 � e�gt�Xi�bi� (2)

where bi is a tonic bias input to unit i (fixed to 1.75 in the current
simulations), and gt is the multiplicative gain on the unit’s input at time t.
Gain is a variable that depends on the current activity of the abstracted LC
and, thus, changes dynamically over the course of each simulated trial. In
connectionist terms, Xi is the net input of unit i, and f(Xi) is interpreted as
its activity.

Behavioral Network

Input Layer

The input layer consists of three units, one for representing each stimulus
category (T1, T2, distractor). Unlike other units in the behavioral network,
the activity of each input unit is fixed (“hard-clamped”) to either 0 or 1,
depending on which stimulus is being presented to the model.

Decision Layer

The decision layer comprises three units. Activity of these units repre-
sents the degree to which the model has classified the current input
stimulus as one stimulus category over the others. Each decision unit
receives afferent activity from its corresponding input unit over a connec-
tion of fixed weight 1.5. Each decision unit also receives input activity
from the other two input units over a connection of fixed weight 1/3. These
“cross-talk” connections are intended to represent stimulus ambiguity.
Furthermore, the decision units share mutual inhibitory connections (of
fixed weight �1.0), simulating competition among alternative representa-
tions of the presented stimulus. Each decision unit additionally receives a
self-recurrent connection of fixed weight 2.5, simulating mutual excitatory
influences within the cell assemblies represented by each connectionist
unit.

Detection Layer

The detection layer comprises two units, one for the detection of each of
the two target categories (T1 and T2). Because, in the typical attentional
blink paradigm, subjects are not required to report the detection of distrac-
tors, no distractor detection unit is modeled. Each detection unit receives
afferent activity from its corresponding decision unit over a connection of
fixed weight 3.5. Furthermore, each detection unit has an excitatory recur-
rent self-connection (of fixed weight 2.0). A successful detection of a target
is recorded if activity of the corresponding detection unit crosses a thresh-
old value (0.67) in the course of a simulated trial.

Abstracted LC

The abstracted LC consists of the modified FitzHugh–Nagumo system
detailed in Gilzenrat et al. (2002), including the same parameter values.
This system is governed by the interaction of two variables, v and u, which
are given by the system of ordinary differential equations

�vv̇ � wvX 	 f �XT1� � f �XT2�
 � v�a � v��v � 1� � u (3)
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and

�uu̇ � h�v� � u (4)

We take v to represent the state (analogous to “net input” in connectionist
terms) of the abstracted LC unit, and we take u to represent its noradren-
ergic output. The time constant of LC state (�v) is much smaller than the
time constant of noradrenergic output (�w): 0.05 and 5.0, respectively.
Equation 3 indicates that the change in state of the LC is determined by
three terms. The first term represents external input to the nucleus, which
in our model comes from the activity of the T1 and T2 decision units—
f (XT1) and f (XT2), respectively—over a connection of weight wvX � 0.3.
The second term is a cubic function of the LC’s own state, which provides
the excitable dynamics that are characteristic of a FitzHugh–Nagumo
system (see Gilzenrat et al., 2002; Keener & Sneyd, 1998). The parameter
a governs the excitation threshold of the LC and is set at 0.5. The third term
provides the inactivating effect of the variable u, simulating the local
autoinhibitory effect of NE.

Equation 4 indicates that noradrenergic output u is driven by h(v), which
we consider an activation function of LC state v described by

h�v� � Cv � �1 � C�d. (5)

Here, C is a coefficient (which can range from 0 to 1) that scales the
relative contribution to LC activity h(v) of its afferent inputs (v) versus
intrinsic, uncorrelated activity in the nucleus as a whole (represented by the
parameter d, which is fixed at 0.5). Gilzenrat et al. (2002) have explored
the relationship between the C coefficient and changes in LC firing mode.
In the present simulations, C was fixed at 0.9, placing the LC in a firing
mode characteristic of a state of focused, selective attention.

The simulated noradrenergic output of our system, u, has direct inhibi-
tory effects locally. However, u also impacts processing in the behavioral
network by scaling the effects of gain. In this way, changes in simulated
NE output dynamically adjust the level of potentiation of LC target units
(all units in the decision layer and the detection layer). The relationship
between noradrenergic output u and gain g is modeled as

gt � G � kut, (6)

where G is a base level of gain that is independent of u, and k is a scaling
constant. G and k were set at 0.5 and 1.5, respectively.

Simulation Procedures

Simulations were conducted via numerical integration of the differential
equations presented above using a simple Euler method. Each run of the
simulations consisted of a series of trials, each of which was 44 units of
model time in duration. Time was discretized at a granularity of 0.02 (i.e.,
dt � 0.02 for each integration step, for a total of 2,200 iterations per trial).
All unit activities were initialized to 0 prior to the onset of a trial. During
the first 20 units of model time, all network units were allowed to settle to
stable levels of activation in the absence of stimulus input. The remaining
time involved the actual presentation of the RSVP stream, as described in
the Method section.

We chose to present each stimulus for 2 units of model time. In previous
modeling work using identical abstracted LC parameters and similar be-
havioral network parameters, Gilzenrat et al. (2002) found that equating 1
unit of model time with 54.6 ms of actual time yielded the best fit of
simulated data to empirically established LC temporal dynamics and target
detection response latencies in monkeys. Because attentional blink para-
digms typically require unspeeded responses, and no empirical data re-
garding LC temporal dynamics in humans are available, we could not
validate this relationship in the present research. Therefore, as a convenient
approximation of the previously established relationship, we defined 2
units of model time as 100 ms, yielding simulated interstimulus intervals
typical of attentional blink research.
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