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Abstract The attentional blink (AB) is a transient attention
cost that is shown when report accuracy for a second target
(T2) is reduced when T2 is presented within approximately
500 ms of a first target (T1). Thus, by definition an AB is only
observed when T2 accuracy is reduced at short relative to long
T1–T2 separations, and the magnitude of the AB is reflected
in the change in T2 performance across target separations.
However, the designs, analyses, and interpretations of several
studies of the AB have suggested a lack of clear definitions
about what constitutes a demonstration of the AB, what con-
stitutes a modulation of the AB across participant groups or
manipulations, and how AB magnitude might best be repre-
sented accurately as a single value for a given individual. In
this article, we discuss the important conceptual and method-
ological issues that should be considered when obtaining,
analyzing, and interpreting AB data, and we discuss the pros
and cons of various approaches while providing suggestions
as to how best to validly represent the AB and its modulations.

Keywords Attentional blink . Divided attention and
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The attentional blink (AB) is a transient attention cost that is
shownwhen report accuracy for a second target (T2) is reduced
when T2 is presented within approximately 500 ms of a first
target (T1; see Raymond, Shapiro, & Arnell, 1992). The AB is
a widely employed paradigm used to investigate the temporal
limitations of attention. Various theoretical accounts of the AB
exist, and multiple theoretical reviews are available to help
investigators (see, e.g., the Attention, Perception, & Psycho-
physics tutorial review by Dux & Marois, 2009; Martens &
Wyble, 2010; Shapiro, Arnell, & Raymond, 1997a). This

tutorial is meant to complement those theoretical reviews with
a review of the methodological issues relevant to the AB.
Specifically, this tutorial will discuss the methods necessary
to observe, measure, and modulate the attentional blink, as well
as providing recommendations of best practices to help inves-
tigators use the AB appropriately and effectively in their inves-
tigations. This tutorial is meant to be, as much as is possible,
theoretically neutral, focusing on those methodological issues
that are important regardless of the theoretical framework being
used. These issues include:

& How to design an AB task to produce an AB reliably
& What counts as an AB, and what does not
& The role of lag-1 sparing in capturing the AB
& Whether baselines are necessary, and which ones to use
& What counts as a modulation of the AB
& How to estimate individual differences in the AB

The attentional blink

The AB is an effect that captures the temporal costs of
allocating attention selectively. The AB is typically ob-
served using a rapid serial visual presentation (RSVP),
although the stimuli need not be visual (e.g., Arnell &
Jolicœur, 1999; Duncan, Martens, & Ward, 1997; Mondor,
1998; Shen & Mondor, 2006; Tremblay, Vachon, & Jones,
2005; Vachon & Tremblay, 2008) or unimodal (Arnell &
Jenkins, 2004; Arnell & Jolicœur, 1999; Arnell & Larson,
2002; Jolicœur, 1999; Soto-Faraco et al., 2002), and the
RSVP stream per se is not required, as the AB has also been
observed by simply using two backward-masked targets
(Duncan, Ward, & Shapiro, 1994).

What is RSVP and how is it used to show an AB?

In RSVP, visual stimuli (e.g., letters, numbers, pictures, or
words) are presented sequentially at a rate that is usually
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around 10 items per second, or around 100 ms per item,
varying somewhat according to the stimuli that are used (see
Fig. 1). In a typical AB task, two of the items are targets—
the first target (T1) and second target (T2)—and the rest are
distractors (see Broadbent & Broadbent, 1987, for the first
dual-target RSVP study). Although some AB tasks have
employed more than two targets (Di Lollo, Kawahara,
Ghorashi, & Enns, 2005; Dux, Asplund, & Marois, 2008;
Kawahara, Enns, & Di Lollo, 2006a; Kawahara, Kumada, &
Di Lollo, 2006b; Olivers, van der Stigchel, & Hulleman,
2007), typically only two targets are used, and no more than
two targets are required for most purposes. An attention-
demanding task is assigned to each of the targets. The two
types of tasks typically employed are identification (i.e., n-
alternative forced choice) or detection (presence/absence) of
the target items. The T1 and T2 tasks can be the same (e.g.,
“report the two red letters” or “report the two digits”) or
different, such that a task switch is required between T1 and
T2 (e.g., “report the identity of the lone white letter and
whether an X was present or absent”). Responses to the
targets are typically made offline (i.e., unspeeded) at the
end of the each trial, and target accuracy is the dependent
variable of interest.

The proximity of the second target in the RSVP stream
relative to the first, referred to as a lag, is manipulated. Lag
can be expressed either as the relative position of T2 following
T1, or as the time between the onsets of T1 and T2—the

stimulus onset asynchrony (SOA). For example, a lag of 1
typically indicates that T2 is the first item following T1, and
this typically corresponds to an SOAof approximately 100ms; a
lag of 2 indicates that there is one intervening distractor between
the two targets, which typically corresponds to an SOA of
approximately 200 ms; and so forth. So, a typical AB task
consists of two targets embedded in an RSVP stream, so that
the position of T2 relative to T1, known as lag, varies. Target
performance can then be analyzed as a function of that lag in
order to determine whether the lag influences T2 performance.

The description above of a “typical” AB paradigm is
meant to depict a situation that will reliably produce an
AB; this paradigm has been used so extensively that it is
relatively easy to place the results in the context of the wider
AB literature. This typical AB paradigm will satisfy the pur-
poses of many investigators, and thus is recommended. How-
ever, there is evidence to suggest that many of the requirements
of this typical AB paradigm are not necessary in order to
observe an AB under all conditions. For example, it is possible
to observe an ABwithout masking T1, so long as awareness of
T1 still occurs and T2 is presented for a very brief duration
(i.e., ~58 ms; Nieuwenstein, Potter, & Theeuwes, 2009a;
Nieuwenstein, Van der Burg, Theeuwes, Wyble, & Potter,
2009b). Similarly, an AB has been observed using T2 accura-
cy, albeit minimally, when T2 is unmasked, so long as the T2
task is difficult enough to not reach ceiling, especially at longer
lags (Jannati, Spalek, & Di Lollo, 2011). It is also possible to

Fig. 1 Typical attentional blink
(AB) paradigm
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use a speeded task for T1, or to have a masked and unspeeded
T1 but to use response time as the dependent variable when T2
is speeded and unmasked (e.g., Jolicœur, 1998, 1999; Jolicœur
& Dell’Acqua, 1998). In the latter studies, an AB is indicated
by an increased response time at short lags relative to long
ones.

An alternative to the typical use of RSVP is the attentional-
dwell-time, or skeletal AB, paradigm, in which only two
spatially and temporally separated targets and their backward
pattern masks are displayed (Ward, Duncan, & Shapiro, 1996,
Ward, Duncan, & Shapiro, 1997). Individual AB performance
using the dwell-time paradigm has been shown to be positive-
ly correlated with the AB from typical RSVP procedures
(McLaughlin, Shore, & Klein, 2001). However, electrophys-
iological evidence has demonstrated that the targets are pro-
cessed differently in the skeletal paradigm than in the typical
or “canonical” AB paradigm (Craston, Wyble, & Bowman,
2006), and some have suggested that the spatial disparity
between the two targets produces a spatial switch cost in
addition to the dual-task attention costs manifest in the AB.
Certainly it is possible to argue that any AB paradigm in
which some switch is required between T1 and T2, such as a
task switch, modality switch, or spatial switch, will result in a
combination of switch costs and the attentional costs relevant
to the AB (Chun & Potter, 2001; Potter, Chun, Banks, &
Muckenhoupt, 1998; Visser, Bischof, & Di Lollo, 1999a,
and investigators are advised to consider this when design-
ing their AB paradigm. Importantly, there is evidence that
spatial or multidimensional switches abolish lag-1 sparing
(Visser et al. 1999a, Visser, Zuvic, Bischof, & Di Lollo,
1999b), as does failure to mask T1 effectively (Martin &
Shapiro, 2008), and such procedures should thus be avoided
by those wishing to observe lag-1 sparing.

In the original AB task from Raymond, Shapiro, and
Arnell (1992)), T1 was the sole white letter presented
among black letter distractor items, while T2 was the letter
“X” presented at one of eight lags following T1 on half of
the trials. In the experimental (dual-task) condition, partic-
ipants were asked to report the identity of the white T1 letter
and to report the presence or absence of the T2 letter “X.” In
the control (single-task) condition, both T1 and T2 were
present, although T1 was to be ignored and participants only
reported whether the T2 “X” was present or absent on each
trial. Raymond et al. (1992) observed that in the dual-task
condition, correct detection of the “X” was reduced at lags
2–5, (corresponding to SOAs of 180–450 ms after T1), as
compared to T2 performance at similar serial positions in
the control condition. Detection of T2 was not impaired in
the dual-task condition when T2 was the immediate post-T1
item (i.e., at lag 1), or at lags 6–8 (540–720 ms), as com-
pared to T2 performance at similar serial positions in the
control condition. Thus, the posttarget impairment is tem-
porary, and it is this temporary deficit that characterizes the

AB. Therefore, the primary criterion for identifying the
presence of an AB effect is evidence of a lag-dependent
effect on T2 performance in which performance is lower at
short target separations (i.e., within 500 ms) relative to
longer target separations (see Fig. 2).

The function’s slope defines the AB, not the height

The AB has been widely employed, for diverse purposes, as
an index of temporal attentional limitations. Specific criteria
define the AB effect, and other specific criteria demonstrate
modulations of the AB effect and can be used to estimate
individual differences in the magnitude of the AB effect.
The purpose of this tutorial is to discuss those criteria and to
examine the pros and cons of different approaches to cap-
turing the AB and modulations of the AB.

An idea of the necessity of a guide for the use and
investigation of the AB was inspired by the surprisingly
widespread misinterpretation of what the AB effect is, how
it is measured, and what constitutes a modulation of the AB,
which is apparent in the literature reviewed below. The AB
is represented by a function that describes how the temporal
lag between two targets influences performance for the
second target. In other words, T2 performance changes as
the lag changes, demonstrating that the temporal distance
between the two targets is relevant to performance for T2.
To measure change in performance according to some con-
tinuous variable is not unusual among cognitive measures.
Various other paradigms are defined by a similar function.

For example, in a mental rotation paradigm, the primary
measure of interest is the speed of rotation, which is shown by

Fig. 2 The AB effect is evident, as T2 performance is impaired
temporarily during a “critical” period following T1, corresponding to
lags 2–5 in this example, in the dual-task condition as compared to the
single-task condition. T2 performance is seen to increase with lag, and
this lag-dependent effect on T2 performance is the AB effect. Note that
this and all subsequent figures are schematics in which no actual data
are represented
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how response times change as a function of the degree of
rotation, presumably as the object is being mentally rotated
continuously along its axes (Shepard &Cooper, 1982; Shepard
& Metzler, 1971). Similarly, in visual search the primary
measure of interest is response time as a function of the number
of items in the search array, as this indicates the efficiency of
the search (Treisman & Gelade, 1980; Wolfe, 1998b). In both
cases, the measure of interest is the change in performance as a
function of some linearly increasing variable (i.e., the slope of
the function). In the visual search paradigm, when response
time increases as a function of the number of items in the
search array, the slope of this function can differ according to
the nature of the target amongst the distractors. For example,
response time increases as the number of items in the array
increases for most searches, but the slope of the function is
much steeper when, for example, a green circle target is
presented amongst green squares and red circles than when
the same green circle target is presented amongst red squares,
indicating less efficient search (Treisman & Gelade, 1980). If
researchers want to estimate the efficiency of search, they do
not take the average of the response times across a given target
condition (i.e., the height of the line), but rather the slope,
showing the time cost per item for a given condition. It appears
that the importance of slope as a measure of visual search
performance is clear in the visual search literature, which is
to say that while there may be controversy over the meaning of
the slope, there is no question that the slope is the effect of
interest, not the average response time, nor the intercept (for a
review, see Wolfe, 1998a).

However, the AB, which is the function of T2 perfor-
mance over temporal lag, appears to suffer from a misinter-
pretation involving the distinction between the slope and the
height of a function. Specifically, the lag-dependent T2
accuracy function that is the AB is often treated interchange-
ably with the height of the function (i.e., mean T2 perfor-
mance across lags). This would be the same as averaging
response times across set sizes to get a measure of search
efficiency in the visual search paradigm. Estimating the AB
using overall T2 accuracy confounds the crucial aspect of
the function of interest—the effect of the increasing tempo-
ral lag between two targets on target performance—with
overall T2 performance ability, which evidence suggests
are dissociable (Arnell, Howe, Joanisse, & Klein, 2006;
Arnell, Stokes, MacLean, & Gicante, 2010; Colzato, Spapé,
Pannebakker, & Hommel, 2007). For example, if Participant
A has 20 %T2 accuracy at lag 3 and 80 %T2 accuracy at lag
8, he or she has 50 %T2 accuracy overall and a very large
lag-dependent difference in T2 accuracy (60 %, if the AB is
measured as a simple subtraction of lag 8 – lag 3 T2 accu-
racy). If Participant B has 50 %T2 accuracy at lag 3 and
50 %T2 accuracy at lag 8, then he or she too has 50 %T2
accuracy overall, yet there is no lag-dependent T2 accuracy
impairment that reflects the AB. Thus, a measure that

represents the slope of the function correctly shows that
the two participants have dramatically different AB magni-
tudes, whereas erroneously using overall T2 accuracy would
suggest equal ABs for the two participants. Despite the
simplicity of this illustration, the AB literature contains
several examples of articles in which the AB is defined as
overall T2 accuracy, or in which the AB is defined or
interpreted in a manner that confounds T2 accuracy per se
with the change in T2 accuracy across lags (e.g., Armstrong
& Munoz, 2003; Buchholz & Davies, 2007; Cheung, Chen,
Chen, Woo, & Yee, 2002; Cooper, Humphreys, Hulleman,
Praamstra, & Georgeson, 2004; Facoetti, Ruffino, Peru,
Paganoni, & Chelazzi, 2008; Hari, Vata, & Uutela, 1999;
Klein, Arend, Beauducel, & Shapiro, 2011; Lacroix et al.,
2005; Lum, Conti-Ramsden, & Lindell, 2007; Mason, Hum-
phreys, & Kent, 2005; Visser, Boden, & Giaschi, 2004; Wynn,
Breitmeyer, Nuechterlein, & Green, 2006).

We are unsure why the AB is subject to this misinterpreta-
tion while other paradigms, such as visual search or mental
rotation, are not. Regardless, this confusion has rather critical
implications when attempting to observe, quantify, and mod-
ulate the AB effect. This discussion is meant to aid researchers
who wish to use the AB paradigm to avoid misinterpretation,
as well as to provide them with a better understanding of how
the paradigm can best be used for their purposes.

How do you know if you have an AB?

Lag-1 sparing

Raymond et al. (1992) identified the critical period for the
posttarget impairment of T2 performance as starting at
180 ms, when T2 was presented as the second item following
T1. When T2 was presented as the first item following T1, at
lag 1, detection accuracy was not impaired relative to the
control condition, and T2 performance decreased from lag 1
to lag 2. This is referred to as lag-1 sparing, although it is not
always observed (Dell’Acqua, Jolicœur, Pascali, & Pluchino,
2007; Visser et al. 1999a, b). The presence of lag-1 sparing has
been influential in the development of theoretical models of
the AB, as its presences suggests that the item after T1 may
have some role in the initiation of the AB (e.g., as in the
boost-and-bounce model, Olivers & Meeter, 2008; or the
eSTST model, Bowman & Wyble, 2007; Raymond et al.,
1992). Furthermore, the absence of lag-1 sparing is sometimes
taken as an indication that switch costs may be present in the
AB (Visser et al. 1999a, b). Despite the fact that lag-1 sparing
is intriguing and has implications for theoretical models of the
AB, the presence of lag-1 sparing is not necessary to indicate
the presence of an AB. Lag-1 sparing reflects a unique set of
circumstances that preserves T2 from the posttarget impair-
ment that characterizes the AB (Akyürek & Hommel, 2005;
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Hommel & Akyürek, 2005; Kessler et al., 2005; Martin &
Shapiro, 2008; Visser, Davis, & Ohan, 2009; Visser, Bischof,
& Di Lollo, 1999a, Visser et al. 1999b). There is also evidence
that lag-1 sparing and the AB are dissociable (Livesey &
Harris, 2011).

Because lag-1 sparing is neither a necessary nor a sufficient
condition attribute of the AB, it is inappropriate to interpret the
decrement in T2 performance from lag 1 to subsequent lags as
indicative of an AB effect, as some authors have done (Munafò,
Johnstone, & Mackintosh, 2005; Vermeulen, Godefroid, &
Mermillod, 2009). In one such case, T2 performance was
observed to decrease from lag 1 to lag 2, which was correctly
identified as lag-1 sparing, but T2 performance did not then
increase from lag 2 to their longest lag, lag 5 (Munafò et al.,
2005). Thus, an AB effect was not observed, and the decrement
in T2 performance from lag 1 to lag 2—lag-1 sparing—is not
an equivalent substitute for such an effect (see Fig. 3).

Choice of lags

Since a lag-dependent effect on T2 performance is the
primary indicator of the AB effect, any paradigm meant to
capture the AB effect must contain more than one lag. It is
also necessary that one of those lags be situated inside the
critical period following T1 in which T2 performance defi-
cits have been observed, while, ideally, the other should be
situated outside of the critical period, where proximity to T1
no longer impairs T2 performance. It is obvious that without
situating T2 at, at least, one shorter lag within the critical
period it would not be possible to observe the posttarget
impairment of T2 performance. What is, perhaps, less obvi-
ous is that without another, longer lag it will not be possible
to observe the lag-dependent effect on T2 performance. For
example, some investigations have designed an AB task
with only one lag in the critical period following T1 (De

Martino, Kalisch, Rees, & Dolan, 2009; Trippe, Hewig,
Heydel, Hecht, & Miltner, 2007). In both of these studies,
the authors indicated that their results concerned the AB
effect, and in one case the difference between T1 and T2
performance at a single lag was interpreted by the authors as
a robust AB effect (De Martino et al., 2009). However,
because there was only one lag, T2 performance could not
be examined as a function of lag. Under these conditions,
the AB and overall T2 accuracy were completely confound-
ed. For example, if the group mean had 60 % accuracy at lag
3, but there was only lag 3, it is possible that T2 accuracy
would also equal 60 % at a longer lag outside the AB
interval. Without observing T2 performance as a function
of lag, it cannot be determined whether lag influenced T2
performance, and thus, the required temporal pattern of the
AB effect cannot be observed (see Fig. 3). It is possible that
the costs associated with these particular investigations,
especially in the case of the fMRI study (De Martino et
al., 2009), demanded that the AB task be as efficient as
possible. However, without at least two lags, it is impossible
to be sure whether the AB effect is present.

In summary, to determine whether or not the AB effect is
present, T2 performance must be examined at, at least, two
lags: one within the period of the temporary posttarget
impairment (e.g., lag 2) and one after the posttarget impair-
ment is expected to have passed (e.g., lag 7).

Choice of baseline for estimating the AB

It was the comparison to performance in a control condition,
in which T1 was to be ignored, that allowed Raymond et al.
(1992) to attribute the AB effect to a posttarget impairment.
The control condition showed that the lag relative to T1 was
what affected T2 performance, and not simply the serial
position of T2 in the RSVP or a forward-masking effect of
the lone white letter (T1). It also allowed the researchers to
identify the critical period during which the posttarget im-
pairment was present (180–450 ms), and when it was absent
(540–720 ms), as defined by a significant difference between
T2 performance in the single- and dual-task conditions. While
it is often a nice addition, however, the control condition is not
necessary to capture the lag-dependent effect on T2 perfor-
mance that is the AB. In some cases, a control condition would
be a hindrance or unfeasible. The inclusion of a control condi-
tion requires that participants complete twice the number of
trials, increasing the burden on the participant and the cost to
the investigator. The inclusion of a control condition is also not
practical when the T1 and T2 tasks are identical, as the first
target, regardless of instructions to ignore it, is subject to
contingent capture (Folk, Leber, & Egeth, 2008). For example,
if the T1 and T2 tasks were to identify the red letters from
among black distractors, because both targets are defined by the

Fig. 3 In this example, T2 performance data have been obtained only
at shorter lags (lag 1 and lag 2). Without the data at longer lags, is it not
possible to observe whether or not the temporary posttarget impairment
that is the AB has occurred
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same feature (i.e., redness), both targets would capture attention
despite instructions to ignore the first red letter (T1). So, exper-
imental requirements may make the inclusion of a control
condition impractical, and so long as T2 performance can be
examined as a function of lag (i.e., T2 performance at more
than one lag), the presence of an AB effect can be determined.

Can you use the lag-dependent effect alone to estimate
the AB?

It has been argued that quantifying the AB using the lag-
dependent effect on T2 performance alone (i.e., the increase
in T2 performance from shorter to longer lags) may under-
estimate the AB effect (Raymond, Shapiro, & Arnell, 1995;
Shore, McLaughlin, & Klein, 2001)—specifically, that it is
possible that, for some individuals at least, T2 performance
at long lags thought to be outside the critical period (i.e.,
>500 ms) is still affected by the posttarget impairment (i.e.,
T2 performance at longer lags is not assuredly asymptotic;
see Fig. 4). This is possible, and certainly without the
control condition it is difficult to ascertain whether T2
performance at longer lags is no longer affected by the
posttarget impairment. However, in several investigations
that have employed a T1-absent or T1-ignore control con-
dition, T2 performance at lags of 6 (i.e., T2 is the 6th item
following T1, or ~600 ms) and longer were never observed
to differ significantly in performance, as compared to when
T2 was presented in the same position in the control condi-
tion (Arnell & Jolicœur, 1999; Chua, 2005; Jolicœur, 1998;
Maki & Padmanabhan, 1994; Raymond, 2003; Raymond et
al., 1992, 1995; Shapiro, Caldwell, & Sorensen, 1997b;
Shapiro, Raymond, & Arnell, 1994; Stein, Zwickel, Ritter,
Kitzmantel, & Schneider, 2009). However, some groups

with perceptual or cognitive impairment may demonstrate
a posttarget impairment, as determined by comparison to a
control condition, that extends beyond lag 6, such as indi-
viduals with spatial neglect, who demonstrated a posttarget
impairment that extended beyond 1,200 ms (Husain, Shapiro,
Martin, & Kennard, 1997).

One possible solution, to ensure that T2 performance has
recovered from T1 processing, is to use excessively long lags
as the baseline (i.e., >1,000 ms), as has been employed in a
few studies (Cheung et al., 2002; Hari, Vata, Uutela, 1999;
Visser et al., 2004). In such cases, however, it would be
necessary to examine performance at these very long lags that
one intends to use as a baseline in order to ensure that T2
performance at these lags is asymptotic, as intended. It is
conceivable that other limits on attention—for example, fluc-
tuations in vigilance—could impair T2 performance at exces-
sively long lags. For example, in a case in which T2 is either
present or absent, individuals may terminate their search for
T2 near the end of the RSVP stream, feeling that T2 was either
absent or was missed, before T2 is presented. The premature
termination of search for T2 would create another lag effect in
which T2 performance declines again after the initial recovery
from the AB effect. In this scenario, T2 performance at the
longer lags would not make an appropriate baseline to capture
the AB effect, as it would be confounded by a different lag-
dependent effect. Using such excessively long lags may also
not be practical for some research designs.

Additional baselines for estimating the AB

Where there are concerns that the lag-dependent effect on T2
performance is insufficient to capture the AB (i.e., that it will
underestimate the magnitude of the effect), alternative base-
lines have been used. One such baseline is performance at
ceiling (i.e., 100 %). However, using performance at ceiling
as a baseline for the posttarget deficit would be confounded
with other effects on T2 performance. As McLaughlin et al.
(2001) pointed out, target performance is almost never at
ceiling, even when it is not subject to dual-task impairments
(see Fig. 5). Therefore, ceiling performance is an unrealistic
baseline, as it would tend to overestimate the size of the AB
effect and to confound AB magnitude with overall T2 accura-
cy. This is especially problematic given that recent individual-
difference studies of the AB have shown that different factors
predict individual differences in overall T2 accuracy and AB
magnitude (e.g., Arnell, Howe, Joanisse, & Klein, 2006;
Arnell et al., 2010; Arnell & Stubitz, 2010; Colzato et al.,
2007). Despite these problems, various investigations of the
AB have used ceiling performance as a baseline for the pur-
pose of capturing the AB (Grandison, Ghirardelli, & Egeth,
1997; Raymond et al., 1995; Shapiro et al., 1994). However,
because it is both unrealistic to treat ceiling as reflective of
actual asymptotic performance, and because it fails to account

Fig. 4 The assumption that must be met when using the lag-dependent
effect on T2 performance to quantify the AB is that performance at the
longest lag has reached asymptote. If not, the function will underesti-
mate the size of the AB effect. This example shows two possible
patterns of T2 performance beyond lag 7, in one of which T2 perfor-
mance continues to increase (red), indicating that T2 performance was
not asymptotic at the longer lags

Atten Percept Psychophys (2012) 74:1080–1097 1085



for additional confounding sources of impairment to overall
target performance, ceiling is problematic as a baseline to
capture the AB effect.

T1 performance has also been used as a baseline (Chua,
2005; McLaughlin et al., 2001; Shore et al., 2001). Shore et
al. suggested that using T1 performance as a baseline avoids the
issue of any posttarget influence, and thus will not misestimate
the AB. This, of course, rests on the assumption that T1 perfor-
mance does actually resemble what performance in a control
condition would be (see Fig. 6). There are three reasons to
expect that T1 performance might not meet this assumption.
One reason is that the T1 task often, although not always, differs
from the T2 task. Apart from the issue of task switching (see
Chun & Potter, 2001), using T1 performance as a baseline for
T2 performance when the tasks for the two targets differ means
that one is comparing performance on two nonequivalent tasks.
Despite that fact, this has been done in published AB studies
(e.g., De Martino et al., 2009). This issue, of course, is easily
remedied by using the same task for both T1 and T2, as was the
case in the AB task used by Shore et al. when they suggested
using T1 as a baseline. Using the same task for T1 and T2,
however, does not address the issues that the serial position of
T1 is often invariable, presented at the same position in the
RSVP stream for every trial, and of lag-dependent effects on T1.

The control condition employed by Raymond et al. (1992)
was particularly appropriate for capturing the AB effect, be-
cause it accounted for any possible influence of serial position
in the RSVP stream on T2 performance, which would have
been common to T2 in both the control and experimental
conditions. Using T1 performance as a baseline fails to account
for this issue, as T1 is often presented at a smaller range of
earlier serial positions, relative to T2. If the appearance of T1 is

more predictable and earlier in the stream, and so subject to
possible anticipatory and primacy effects, T1 performance may
be higher than T2 performance would be in a control condition,
where T2 is both more unpredictable and presented later in the
stream. So, the use of T1 performance, in this case, would
overestimate the size of the AB effect (see Fig. 6).

In AB studies, T2 bears the brunt of the observed dual-task
cost. However, it is often observed that T1 performance is also
influenced by proximity to T2, in that there is fairly often a
small lag effect on T1 performance. The typical pattern of this
effect is such that T1 performance increases as lag increases.
Although some of this effect can be attributed to switch errors
when T2 is presented immediately following T1 (i.e., T2 is
identified as T1, and vice versa), the impairment regularly
extends to later lags as well1 and can be found even when T1
and T2 do not share the same response set. To the degree that
T1 performance is impaired at short lags, use of overall T1
performance as a baseline would underestimate the AB effect.
Of course, it is possible to examine T1 performance post-
hoc and determine whether T1 performance was influenced
by lag. In the case that T1 performance was affected by lag,
it might suffice to only use T1 performance on trials in
which T2 was presented at longer lags, although, just as
there is uncertainty that T2 performance is asymptotic at
longer lags, there is similar uncertainty that T1 perfor-
mance is asymptotic even at longer lags.

Fig. 5 In this example, it is apparent that using ceiling as the baseline in
lieu of T2 performance in the control condition would overestimate the size
of the AB effect, as T2 performance in the control condition is well below
ceiling at all lags. In this case, for example, using ceiling performance as
the baseline may yield significant differences at longer lags at which T2
performance is at asymptote and the posttarget impairment is absent

Fig. 6 It is possible to use T1 as a baseline to accurately estimate the
AB, should the various assumptions discussed here be met, depending
on the level of T1 performance. If T1 performance is too high, it is
likely to overestimate the AB, just as ceiling performance will; if it is
too low, it may abolish the AB entirely. However, if T1 performance is
at a level similar to what could be expected for T2 performance in a
control condition, it can be used effectively to estimate the AB

1 See Buchholz & Davies, 2007; Facoetti et al., 2008; Ferlazzo,
Lucido, Di Nocera, Fagioli, & Sdoia, 2007; Ho, Mason, & Spence,
2007; Kihara et al., 2007; Lum et al., 2007; McLaughlin et al., 2001;
McLean, Castles, Coltheart, & Stuart, 2010; McLean, Stuart, Visser, &
Castles, 2009; Olivers & Nieuwenhuis, 2005, 2006; Raymond &
O’Brian, 2009; Raymond et al., 1992; Seiffert & Di Lollo, 1997; Visser
et al., 2004; Visser & Ohan, 2007.
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In conclusion, various baselines can be used to capture the
AB effect. The original control condition used by Raymond et
al. (1992)—that is, T2 performance when T1 is present but
ignored—is the least problematic, as the parameters of T2 in
the control condition only differ from those of T2 in the
experimental condition by one factor: whether or not a previ-
ous target was attended to. As the AB is, by definition, a
posttarget deficit, the control condition used by Raymond et
al. (1992)) allows for the cleanest approach to capturing the
AB effect. However, it is also possible that the ignore-T1
condition, by requiring the suppression of processing the T1
stimulus, increases demands on those limited-capacity resour-
ces relevant to the AB, so even the ignore-T1 baseline has its
drawbacks. For various reasons, a researcher may choose not
to include such a control condition, and in these cases there are
alternative baselines to consider. The alternative baselines that
have been used previously include ceiling performance
(100 %) and T1 performance. Ceiling performance is an unre-
alistic representation of asymptotic target performance, leading
to an overestimation of the AB effect, and it confounds the AB
effect with the dissociable measure of overall T2 performance
ability. Using overall T1 performance or long-lag T2 perfor-
mance is preferrable, assuming that the same task is used for
T1 and T2, and that T1 accuracy approximates long-lag T2
accuracy, but there is no assurance that these represent asymp-
totic levels of performance. Regardless of what baseline is
employed to define the AB effect, it is important for any
investigation that purports to examine the AB that the para-
digm capture the lag-dependent effect on T2 performance. This
remains the primary criterion that defines the AB.

Capturing modulations of the AB effect

Beyond simply capturing the AB effect, investigators often
examine modulations of the AB effect via experimental
manipulations or group differences. It is possible for T2
performance in an AB task to be modulated according to
various dimensions (Cousineau, Charbonneau, & Jolicœur,
2006). Of those dimensions that Cousineau et al. used to
describe the curve of the AB effect, they identified the
“amplitude,” or the difference between asymptotic T2 per-
formance at longer lags and the deepest depression in T2
performance at short lags, as capturing the severity of the
post-T1 impairment that is the AB effect. Not all modula-
tions of T2 performance indicate a modulation of the AB
effect (McLean, Castles, Coltheart, & Stuart, 2010). Since
the primary criterion that defines the AB is a lag-dependent
effect of T2 performance, in order to modulate the AB, the
lag-dependent effect of T2 performance must be modulated.
Modulations of the lag-dependent effect on T2 performance
can be reflected in changes in the duration of the AB (such
that the length of the period before T2 performance recovers

to asymptotic levels increases or decreases) and/or in the
severity or depth of the AB (such that the difference in T2
performance between short and long lags is increased or
decreased). Changes in the depth and/or duration of the AB
would be indicated by an interaction of the experimental
condition or group with the lag effect on T2 performance,
such that the particular temporal pattern of the lag-dependent
effect differs between conditions or groups. Thus, the primary
criterion required to capture the modulation of the AB effect
is an interaction of the experimental condition or group with
lag, typically captured in a two-factor ANOVA.

Inmany cases in which authors have claimed to demonstrate
modulations of the AB effect, however, the requisite interaction
with the lag-dependent effect was absent. For example, multiple
investigations of group differences in the AB effect based on
reading ability (i.e., dyslexia or specific language impairment)
have claimed that the AB effect was greater—specifically, that
the posttarget impairment of T2 performance extended to lon-
ger lags in individuals with impaired reading ability (Buchholz
&Davies, 2007; Facoetti, Ruffino, Peru, Paganoni, & Chelazzi,
2008; Hari et al., 1999; Lum et al., 2007; Visser et al., 2004). In
one case, however, the opposite claim was made, such that
individuals with dyslexia were said to have displayed a smaller
AB effect than individuals without dyslexia (Lacroix et al.,
2005). In only one of these investigations was an interaction
between reading-ability group and lag reported (La Rocque &
Visser, 2009). The absence of differences in the lag-dependent
effect on T2 performance between reading-ability groups indi-
cates that the AB effect did not differ between the groups. What
led these authors to claim that the AB effect differed between
the reading-ability groups was a main effect of group on T2
performance, where overall T2 performance, averaged across
lags, differed for the two groups. This main effect on T2
performance was observed both in the cases in which it was
claimed that the AB effect was larger in individuals with
impaired reading ability (Buchholz & Davies, 2007; Facoetti
et al., 2008; Hari et al., 1999; Lum et al., 2007; Visser et al.,
2004) and in the one case in which the opposite claimwasmade
(Lacroix et al., 2005).

A main effect of group indicates that T2 performance
differed between the groups regardless of lag, and thus that
the groups differed on T2 performance overall, not in a lag-
dependent manner that would define an AB effect. Differ-
ences in T2 performance overall would change the height of
the lag-dependent effect on T2 performance, but the partic-
ular temporal pattern of the lag-dependent effect (i.e., the
slope of the function; see Fig. 7) would not differ, such that
the functions were additive. Certainly this indicates that the
two groups differed in T2 performance, but it also indicates
that the AB effect, that particular pattern of T2 performance
according to lag, was equivalent between the two groups.
Only one investigation of group differences in reading abil-
ity and the AB has correctly interpreted this main effect of
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group as an effect on T2 performance, but not the AB
(McLean et al., 2010). This is the misinterpretation, the
confusion of slope height, discussed earlier.

Investigations of reading impairment are not the only area
in which group differences in the AB have been claimed
without the requisite interaction between group and lag. The
same error in interpretation was also present, for example, in
claims that schizophrenics displayed a larger AB effect
(Cheung et al., 2002; Wynn et al., 2006) and in claims that
children and adults with ADHD displayed a larger AB effect
(Armstrong&Munoz, 2003; Mason et al., 2005). Similarly, in
these studies a main effect of group, indicating differences in
T2 performance, led the authors to conclude that the AB
differed between the groups. This same mistake in interpreta-
tion has been observed in experimental manipulations of the
AB effect (e.g., Cooper et al., 2004).

This is not to say that group differences have never been
observed in the AB. Several investigations have found the
interaction with lag necessary to indicate that the AB effect
differed between groups, such as videogame players and non-
videogame players (Green & Bavelier, 2003); older and youn-
ger adults (van Leeuwen, Müller, &Melloni, 2009); individuals
with no,moderate, or severe dysphoria (Rokke, Arnell, Koch,&
Andrews, 2002); and Calvinists and atheists (Colzato, Hommel,
& Shapiro, 2010). As well, many experimental manipulations
of the AB within subjects have also demonstrated the required
interaction—for example, the many studies that have shown
that some kinds of T2 stimuli can reduce the magnitude of the
AB, such as affectively arousing words (Keil & Ihssen, 2004),
smoking-related words in smokers (Waters, Heishman, Lerman,
& Pickworth, 2007), and alcohol-related words in alcoholics
(Tibboel, De Houwer, & Field, 2010). In all of these cases, lag
interacted with the type of T2 stimulus used, such that the lag-
dependent effect differed according to the T2 stimulus type.

It is possible for groups or experimental conditions to
demonstrate both a main effect and an interaction, such that
the groups or conditions of interest differ both in overall T2
performance and in the AB effect, as was observed by, for
example, both van Leeuwen et al. (2009) and La Rocque and

Visser (2009). However, the two effects are dissociable, such
that a main effect of group can exist without an interaction
with lag (as in the reading-ability literature reviewed above),
and vice versa (e.g., Rokke et al., 2002).

While the interaction of group or condition with lag is
necessary to indicate that the AB has been modulated, the
nature of that interaction may lead to different degrees of
certainty regarding the modulation of the AB. This is because
an interaction with the lag effect on T2 performance can result
from various changes in the temporal pattern of T2 perfor-
mance. Interactions that result from a T2 accuracy difference
shown only during the critical short-lag period in which the
posttarget impairment is present unambiguously reflect mod-
ulations of the AB. Interactions that result from a T2 accuracy
difference at longer lags, outside of the critical period, do not
exclude effects on the AB, but they can be more difficult to
interpret. Similarly, interactions that result from changes in T2
accuracy at lag 1 are also difficult to interpret. For example, it
would be difficult to conclude that the AB was modulated if,
when T2 accuracy at lag 1 was excluded, there were only a
main effect of T2 performance and no interaction with lag.

The majority of investigations reviewed indicated that the
interaction of the conditions or groups of interest with lag
was due to differences between conditions or groups at
shorter, but not at longer, lags (e.g., Akyürek, Hommel, &
Jolicœur, 2007; Arend, Johnston, & Shapiro, 2007; Colzato,
Slagter, Spapé, & Hommel, 2008; Rokke et al., 2002; Shapiro
et al. 1997b; Smith, Most, Newsome, & Zald, 2006; Stein et
al., 2009). This pattern provides a clear case for concluding
that the AB effect, the posttarget impairment confined to a
critical period, was modulated (see Fig. 8a). However, alter-
native patterns are also indicative of AB effect modulations.
For example, several investigations have demonstrated that
the experimental conditions of interest resulted in a decrease
in T2 performance at shorter lags, as well as an increase in T2
performance at longer lags (see Fig. 8b; Jolicœur, 1998;
MacLean & Arnell, 2011; Olson, Chun, & Anderson, 2001).
Similarly, in some cases T2 performance either increases or
decreases at all lags in the same direction, yet the effect on T2
performance at shorter lags is greater than at longer lags (see
Fig. 8c; Olivers & Nieuwenhuis, 2005, 2006).

A more complicated case is when an interaction results
from a difference between groups or conditions that is
evident only at longer lags (see Fig. 9). Such an interaction
may indicate that T2 performance within the critical period
was unaffected by the group or manipulation of interest,
suggesting that the AB was not modulated. However, it is
possible that an experimental manipulation or group differ-
ence that affects only longer-lag T2 performance and not T2
performance during the critical period could have interesting
implications for the AB. It is also possible that the combi-
nation of a main effect on T2 performance and a particular
interaction could make it appear (erroneously) that the

Fig. 7 A main effect of group or condition would correspond to
differences in the height of the T2 function, not the slope
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manipulation is not active at shorter lags. For example, if a
manipulation lowered T2 accuracy at shorter lags for Con-
dition A but not for Condition B, and this was combined
with a main effect in which T2 accuracy was greater at all
lags for Condition A than for Condition B, the interaction
would appear as a difference only at the longer lags.

In summary, the AB effect is a lag-dependent effect on T2
performance with a particular temporal pattern, such that T2
performance increases from shorter to longer lags. The necessary,
but not sufficient, evidence to indicate that an experimental
manipulation modulates or that groups differ in the AB effect is

the interaction of condition or group with the effect of lag on T2
performance. A main effect of condition or group is only indic-
ative of an effect on T2 performance regardless of lag, and thus
not of the AB effect. However, it is also necessary to perform
sufficient follow-up to determine the nature of the interaction.

Capturing individual differences in AB magnitude

Researchers are sometimes interested in estimating the AB
magnitude for a given individual. Evidence of reliable

Fig. 8 Three examples
depicting interactions of
condition or group with lag,
such that the AB effect is
modulated
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individual differences in the magnitude of the AB effect has
been found (Dale & Arnell, in press; McLaughlin et al., 2001).
For example, McLaughlin et al. reported a correlation of .66 for
two different AB tasks performed four weeks apart, and Dale
and Arnell (in press) have shown good within-task and -session
and cross-task and -session reliability using two different AB
tasks. This has led some researchers to ask what measures can
predict who will have a large or a small AB (e.g., Arnell et al.,
2006; Martens et al., 2006). Various investigations have exam-
ined variables that could explain the interindividual variability in
AB magnitude using a correlational approach. For example,
personality (MacLean & Arnell, 2010), affective traits
(MacLean & Arnell 2010), affective states (MacLean & Arnell,
2010), religious behavior (Colzato et al., 2010), working mem-
ory control (Arnell et al., 2010; Colzato et al., 2007), reading
ability (McLean, Stuart, Visser, & Castles, 2009), global/local
bias (Dale & Arnell, 2010), resting EEG (MacLean, Arnell, &
Cote, 2012), and the ability to keep irrelevant material out of
working memory (Arnell & Stubitz, 2010; Dux & Marois,
2009) have all been used to investigate individual differences
in AB magnitude.

In order to investigate individual differences in the AB using
a correlational approach, it is necessary to capture the magnitude
of the AB effect for each individual as a single value. There are
several possiblemethods for estimatingABmagnitudewithin an
individual. Many of the criteria necessary to accurately capture
individual differences in theAB effect are related to those criteria
relevant to testing for an AB and for modulations of the AB, as
discussed above. The primary requirement remains that in order
to capture the AB effect, it is necessary to capture the lag-
dependent effect on T2 performance. Not all measures of T2
performance meet this criterion. For example, a recent investi-
gation sought to examine individual differences in the AB in the
context of various perceptual and cognitive performance meas-
ures (Klein et al., 2011). However, all of the correlations reported
were of T2 performance at short lags or at long lags, without
controlling for performance at the other lags. Thus, similar to the
majority of investigations into reading ability and the AB (see
above), Klein et al.’s investigation concerned T2 performance
levels per se, not individual differences in the lag-dependent
effect on T2 performance that is the hallmark of the AB effect.
Furthermore, investigations into individual differences in theAB
have demonstrated that overall T2 performance and the slope of
the lag-dependent effect on T2 performance are qualitatively
different. Specifically, some variables have been shown to
predict the lag-dependent impairment that is the AB, but not
overall T2 performance. For example, individual differences
in extraversion (MacLean & Arnell, 2010) and global prece-
dence (Dale & Arnell, 2010) have been shown to predict AB
magnitude but not overall T2 performance. Conversely, indi-
vidual differences in fluid nonverbal intelligence and response
times on various speeded tasks have been shown to predict
overall T2 accuracy, but not AB magnitude (Arnell et al.,

2006; Arnell et al., 2010; Colzato et al., 2007). This suggests
that interindividual variability in the height of the lag-
dependent function is dissociable from interindividual vari-
ability in the slope of the lag-dependent function (i.e., the AB).
This also emphasizes the importance of removing the con-
founding influence of the height of the lag-dependent function
from estimates of individuals’ AB magnitude.

As we discussed above, in order to accurately estimate the
AB, T2 performance must be examined at a minimum of two
lags; one within the critical short-lag period in which the post-
target impairment is typically present, and one at a longer lag at
which the posttarget impairment is typically absent. This is also
the case when estimating an individual’s AB score for
individual-difference studies of the AB. However, this practice
has not always been observed. For example, one investigation
examined the relationship between the AB and prepulse inhibi-
tion magnitude in order to determine whether the two phenom-
ena shared a common cognitive source (Cornwell, Echiverri, &
Grillon, 2006). The authors correlated T2 performance at lags 1
(SOA 117 ms), 2 (SOA 234 ms), and 3 (SOA 351 ms) with
prepulse inhibition magnitude, and found a significant positive
relationships at lags 2 and 3, but not at lag 1. This is sufficient
evidence to indicate that the correlations do not extend to lag-1
sparing, which the authors accurately indicated is not part of the
AB effect. However, this is not sufficient evidence to indicate
that prepulse inhibition magnitude correlates with AB magni-
tude: It is possible that similar correlations would have been
observed with T2 performance at longer lags outside of the
critical period as well. In that case, the magnitude of prepulse
inhibition would have correlated positively with T2 perfor-
mance, regardless of lag (i.e., with overall T2 performance,
not with an AB effect). Without examining the correlations
with T2 performance at longer lags, it is not possible to
determine whether this was the case. By simply examining
correlations with T2 performance at shorter lags in the context
of T2 performance at longer lags, it would be possible to draw
conclusions about individual differences in AB magnitude.

Methods are available to create a single numerical estimate
that estimates the lag-dependent effect on T2 performance for
an individual. One such approach is to subtract T2 performance
at the shorter lags from T2 performance at longer lags (i.e., a
difference score). Despite the fact that difference scores cannot
be more reliable than the scores that are used to create the
difference, several authors have successfully used this approach
to predict individual differences in ABmagnitude (Arnell et al.,
2010; Arnell & Stubitz, 2010; Colzato et al., 2007; Dale &
Arnell, 2010; MacLean & Arnell, 2010; MacLean et al., 2010;
Martens & Johnson, 2009; McLean et al., 2009).

This difference score can be expected to estimate an
individual’s AB magnitude appropriately to the degree to
which (1) an overall AB is observed in the grand mean, (2)
appropriate lags are chosen to estimate short- and long-lag
performance, (3) the short- and long-lag estimates are
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reliable estimates of T2 accuracy at those lags, (4) floor effects
are avoided at the short lags and ceiling effect are avoided at the
long lags (see Box 1), and (5) individuals differ in their T2
performance at short lags. Depending on the lags used for the
short lag, this differencemeasuremay be influenced both by the
rate of recovery from the post-T1 impairment, where larger
difference scores may reflect a slower rate of recovery and a
longer AB duration (McLean et al., 2009), and by a short-lag
T2 accuracy deficit relative to longer lags, where larger

difference scores may reflect a deeper AB. Using a short lag
within the critical period during which T2 performance is
lowest (typically lag 2 or 3) to compute the difference score
will reflect the depth of the AB effect. Using short lags still
within the critical period, when T2 performance has begun to
recover from the post-T1 impairment, will reflect both duration
and depth. Lag 1 performance should generally not be used to
compute a difference score meant to reflect ABmagnitude, as it
may be confounded with the effects of lag-1 sparing.

Box 1. Issues with ceiling and floor effects in the AB paradigm 
 The presence of floor or ceiling effects may lead to reliable, but erroneous estimates of short or 
long lag accuracy given that it is impossible to distinguish individual differences in performance ability if 
individual performance estimates are constrained by the floor or the ceiling (see figure below). Note also that 
this is similarly a problem when group performance is constrained by floor or ceiling, one possible consequence  
being that real additive effects (i.e. main effects) can appear as non-additive (i.e. interactions) and vice versa.  

 One approach recently used to avoid ceiling or floor constraints is to track individual thresholds 
for performance. For example, by dynamically manipulating the level of difficulty for the T2 task, or the 
saliency of the T2 stimulus it is possible to measure individual differences in difficulty or saliency thresholds 
necessary to reach some pre-defined criteria. The AB would then be represented by the difference in the 
thresholds between shorter and longer lags. As the thresholds would be uniquely determined for each individual 
there would be no individual AB estimates confounded by ceiling or floor effects. Parameter Estimation by 
Sequential Testing (PEST; Taylor & Creelman, 1967) is an example of this type of approach that has been used 
recently in the AB paradigm (Jannati, Spalek, & Di Lollo, 2011). 
 Note that there is also more opportunity to show individual differences in the AB difference 
score if the T2 task is such that there is a lot of room between the floor and ceiling level performance. For 
example, with a T2 task such as X versus Y discrimination, chance performance equals 50% and perfect 
performance equals 100%, leaving a maximum 50% range for the difference scores (less if you want to ensure 
avoidance of floor or ceiling effects). In contrast, for a task like “Which of the 26 letters was presented in red 
font?” chance performance approximates 4% and perfect performance equals 100%, thereby leaving a 
maximum 96% range for the difference scores – a range that is likely to be more sensitive to individual 
differences in the AB. 

ACTUAL ADDITIVE 
EFFECT APPEARS 
NON-ADDITIVE DUE 
TO CEILING/FLOOR 
CONSTRAINT 

ACTUAL NON-
ADDITIVE EFFECT 
APPEARS ADDITIVE 
DUE TO 
CEILING/FLOOR 
CONTRAINT 

EFFECTS OF CEILING 
CONTRAINT 

EFFECTS OF FLOOR 
CONSTRAINT 

Participant/Group 1 

Participant/Group 2 

Participant/Group 2’ 
(without ceiling/floor 

constraints) 

In examples A and B it appears 
the two individuals/groups differ 
in the magnitude of the AB, 
however, the ceiling/floor 
constrains performance hiding 
the actual additivity of the 
effect. In examples C and D the 
reverse pattern is seen such that 
the two individuals/groups that 
actually differ in the magnitude 
of the AB appear to differ only 
in overall T2 performance 

A B 

C D 
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There are variations of the difference measure—for
example, using T1 performance instead of T2 performance
at longer lags (Chua, 2005; Martens & Johnson, 2009;
McLaughlin et al., 2001) or taking the sum of the differ-
ence between T2 performance at each lag as compared to a
control condition (Raymond et al., 1992) or to ceiling
performance (100 %), also known as the area above the
curve (Shapiro et al., 1994). A similar approach is to
calculate a ratio rather than the difference—for example,
T2 performance at a shorter lag divided by T2 performance
at the longer lag and multiplied by 100 to yield a percentage
(Tibboel et al., 2010).

The problem with any difference measure of AB magni-
tude is that it will be influenced by whatever baseline is used
to create the difference. For example, individuals with the
exact same AB magnitude as measured by the difference
could have very different levels of T2 performance at shorter
and longer lags (e.g., an AB difference score of 40 % could
result from 60 % long-lag T2 accuracy – 20 % short-lag T2
accuracy or from 90 % long-lag T2 accuracy – 50 % short-lag
T2 accuracy). Individual differences in long-lag T2 accuracy
are potentially problematic, given that a participant with high
long-lag T2 accuracy has more room to show a large AB than
does an individual with lower long-lag T2 accuracy. For
example, a participant who has 90 % long-lag T2 accuracy
could have a maximum AB difference score as large as 80 %
(i.e., 90 %–10 %) on a ten-alternative forced choice task, in
which chance is 10 %. In contrast, a participant who has 60 %
long-lag T2 accuracy could only have a maximum AB differ-
ence score of 50 % (i.e., 60 %–10 %) with the same task.
Thus, it is desirable that any measure of AB magnitude not be
confounded with baseline target performance.

One possible approach (used by Dux & Marois, 2007) to
reduce the influence of different baselines is to log-transform
accuracy values, such that the data are rescaled in a manner
that creates equivalent proportional and absolute effects for a
manipulation such as lag (see Schweickert, 1985). Another
solution that can be easily used to control for individual differ-
ences in overall T2 accuracy is to use multiple regression to
separate the interindividual variability in the difference from
the interindividual variability in overall T2 performance (i.e.,
to examine the lag-dependent decrease in T2 accuracy, con-
trolling for individual differences in overall T2 accuracy). For
example, McLean et al. (2009) included a measure of overall
T2 performance, averaged across lags, in a regression with a
difference measure of AB magnitude (i.e., T2 performance at
long lag – T2 performance at short lag). This allowed them to
attribute any correlation with the difference measure to vari-
ability in the lag-dependent effect on T2 performance over and
above overall T2 performance. This method was also used to
examine the relationship between AB magnitude and individ-
ual differences in the ability to keep irrelevant information out
of visual working memory (Arnell & Stubitz, 2010).

In addition to being concerned that the difference mea-
sure of AB magnitude is accurate for all individuals and not
confounded by individual differences in baseline perfor-
mance, it is more generally a concern that interindividual
variability in the difference measure of AB magnitude is a
mixture composed of variability in T2 performance at
shorter and at longer lags. The implicit assumption when
reporting positive or negative correlations between individ-
uals’ scores on a predictor variable and the same individu-
als’ scores on the AB measure is that the predictor variable
predicted the magnitude of the post-T1 impairment while
not being related to long-lag T2 performance. It is not
possible, however, to determine whether correlations with
the difference measure of AB magnitude alone reflect rela-
tionships with T2 performance at shorter lags during the
critical period (i.e., the post-T1 impairment), long-lag T2
performance, or both. So, it is always possible that a corre-
lation with a difference measure of AB magnitude may
actually be driven by a correlation with long-lag T2 perfor-
mance, not with T2 performance at short lags. Again, re-
gression can be used to capture individual differences in the
AB effect, but this time predicting T2 accuracy at short lags
while controlling for T2 accuracy at long lags. This ap-
proach captures the lag-dependent effect on T2 performance
(i.e., variability in T2 performance that is not shared across
short and long lags), while at the same time controlling for
variability in the baseline, and allowing one to test whether
the predictor explains T2 performance at the short lag. The
corresponding analysis can also be performed when long-
lag T2 accuracy is the criterion and short-lag T2 accuracy
and the predictor of interest are both included as predictors.
Thus, correlations could be examined using the interindivid-
ual variability that is unique to T2 performance at shorter and
longer lags, independently (i.e., semipartial correlations).

For example, MacLean et al. (2010) showed that trait
positive affect predicted increased T2 accuracy at short lags,
and trait negative affect predicted decreased T2 accuracy at
short lags, when controlling for T2 accuracy at long lags by
using long-lag T2 accuracy as a simultaneous predictor. In
contrast, when T2 accuracy at long lags was predicted,
controlling for T2 accuracy at short lags, positive affect
predicted decreased T2 accuracy, and negative affect predicted
increased T2 accuracy. These analyses revealed that the pat-
tern observed with the AB difference scores (decreased AB
for positive affect and increased AB for negative affect)
resulted from affect modulating short- and long-lag T2 per-
formance in opposite directions.

As a statistically equivalent alternative to multiple regres-
sion, it is also possible to save the residual variability from a
regression (i.e., the variability in the criterion not accounted for
by the predictors) as a new variable to use in a zero-order
correlational approach. For example, saving the residuals from
a regression with T2 performance at shorter lags as the criterion
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and T2 performance at longer lags as the predictor creates a
new variable that captures short-lag T2 accuracy while con-
trolling for T2 accuracy at long lags.

In summary, examining individual differences in AB mag-
nitude, similar to experimental approaches to studying the AB
effect, requires that the measure of individual differences in
AB magnitude capture the lag-dependent effect on T2 perfor-
mance. It is also important that the measure of AB magnitude
not be confounded with individual differences in the baseline
target performance. There are various solutions to this issue,
including the use of multiple regression analyses.

Examining neural correlates of the AB

Investigators may wish to examine correlates of the AB outside
of the context of individual differences. For example, several
studies have investigated neural correlates of the AB using
various imaging techniques, such as MEG/EEG (Gross et al.,
2004; MacLean & Arnell, 2011; Sergent, Baillet, & Dehaene,
2005; Shapiro, Schmitz, Martens, Hommel, & Schnitzler,
2006) and fMRI (Kranczioch, Debener, Schwarzbach, Goebel,
& Engel, 2005; Marois, Yi, & Chun, 2004). One way to
examine correlates of the AB is to select trials post-hoc accord-
ing to the performance outcomes on those trials and to examine
differences in the particular correlate of interest between those
trials with different performance outcomes. For example,
MacLean and Arnell (2011) showed that alpha event-related
desynchronization (ERD) was greater on short-lag trials in
which T2 performance was incorrect than on short-lag trials
in which T2 performance was correct, whereas the opposite
pattern was true for T2 performance at long lags. Thus, alpha
ERD was shown to be a correlate of the AB (MacLean &
Arnell, 2011). It is important to note that correlates such as
alpha ERD are exactly that, correlated with the AB; whether an
AB was observed on a given trial is determined post-hoc and is
not an experimentally manipulated variable. To be clear, this
approach is therefore correlational, and differences in, for ex-
ample, brain activity between AB and no-AB trials cannot be
treated as the cause for the AB outcome.

It is also worth noting that it is not enough to examine
patterns of activation for T2 correct and T2 incorrect trials at
the short lags within the AB window, but that it is also
necessary to examine T2 incorrect and T2 correct trials when
T2 was presented at longer lags outside of the critical post-T1
period. Recall from the discussion above that both a short and
a long lag are necessary to conclude that an AB has been
modulated. If only a short lag is used, it is impossible to know
whether the manipulation simply influences T2 accuracy
overall or influences T2 accuracy in the lag-dependent manner
that is the AB. Similarly, both a short and long lag are needed
when attempting to examine correlates of the AB using the
post-hoc trial selection approach. If both a short and a long lag

are used, it is possible to determine whether differences in
brain activity are found between T2 correct and T2 incorrect
trials regardless of lag, or whether such differences are mod-
ulated by lag. For example, while alpha ERD was seen to be
larger on T2 incorrect than on T2 correct trials at the short lag,
the opposite pattern was observed at the long lag, indicating
that the difference was dependent on lag, and thus was corre-
lated with the AB and not simply with T2 performance
(MacLean & Arnell, 2011). Those studies that have examined
neural correlates of T2 performance while disregarding the
influence of lag (e.g., Gross et al., 2004; Marois et al., 2004;
Sergent et al., 2005) confounded the AB with other factors
affecting T2 performance.

General conclusion

The AB is a popular paradigm that shows the cost over time of
attending to a target. These attention costs are reflected in the
particular pattern of T2 accuracy across T1–T2 lags. The
pattern consistently demonstrates that T2 performance is im-
paired when T2 is presented approximately two to four items
after T1, but is unimpaired at longer lags, and often relatively
unimpaired at lag 1. By adhering to the criteria outlined in this
tutorial, investigators can make sound conclusions regarding
the AB effect and the attentional processes that it reflects.

Recommendations

For researchers to reliably observe an AB, an AB paradigm

& Should include both T1 and T2 masks.
& Should contain at least two lags: a short lag (<500 ms,

not lag 1) and a long lag (>500 ms).
& Does not require a control condition.

In order to accurately conclude that you have observed an
AB,

& A lag-dependent effect on T2 performance is required in
which performance is lower at short lag(s) than at longer
lag(s). Ideally, this would be analyzed statistically by
comparing T2 accuracy at the short lag to T2 accuracy at
an appropriately long lag.

& Lag-1 sparing is neither necessary nor sufficient.
& If T2 accuracy at a long lag is not used as the baseline, the

ideal baseline is an ignore-T1 or T1-absent control condi-
tion. However, these differences should be interpreted in
the context of T2 accuracy at the long lag.

The presence of an AB should not be inferred using any of
the following methods:

(1) examination of short-lag T2 performance alone.
(2) comparing short-lag T2 performance to 100 %.
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(3) comparing short-lag T2 accuracy to T2 performance at
lag 1.

(4) comparing short-lag T2 performance to T1 performance,
if the T1 and T2 tasks differ.

(5) comparing short-lag T2 accuracy to any estimate with-
out examination of similar differences for long-lag T2
accuracy.

In order to accurately conclude that there is a modulation of
the AB across conditions or groups,

& An interaction of the experimental condition or group
with lag, typically captured in a two-factor ANOVA, is
required.

& This interaction should be observable without the inclu-
sion of lag 1 and should not result from the presence of
ceiling or floor effects.

& It is not valid to interpret a main effect of group or
condition along with an additive pattern across lags
(such that there is not a significant condition-by-lag
interaction) as a modulation of the AB.

In order to obtain valid individual estimates of AB magnitude,

& The estimate should represent the change in T2 perfor-
mance at short relative to long lags.

& Estimates of the change across lags can be accomplished
by using a difference score (long-lag T2 accuracy – short-
lag T2 accuracy), or by estimating T2 accuracy at short
lags while controlling for T2 accuracy at long lags. If the
latter method is performed, this should be accompanied by
a separate estimate of T2 accuracy at long lags, controlling
for T2 accuracy at short lags, with both estimates being
related to the various predictor measures.

& Any measure of AB magnitude for an individual should
not be confounded with individual differences in lag-1
sparing or baseline target performance, or be constrained
by ceiling or floor performance.
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