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Abstract
In many visual search tasks (e.g., cancer screening, airport baggage inspections), the most serious search targets occur infre-
quently. As an ironic side effect, when observers finally encounter important objects (e.g., a weapon in baggage), they often fail to
notice them, a phenomenon known as the low-prevalence effect (LPE). Although many studies have investigated LPE search
errors, we investigated the attentional consequences of successful rare target detection. Using an attentional blink paradigm, we
manipulated how often observers encountered the first serial target (T1), then measured its effects on their ability to detect a
following target (T2). Across two experiments, we show that the LPE is more than just an inflated miss rate: When observers
successfully detected rare targets, they were less likely to spot subsequent targets. Using pupillometry to index locus-coeruleus
(LC) mediated attentional engagement, Experiment 2 confirmed that an LC refractory period mediates the attentional blink
(`Nieuwenhuis, Gilzenrat, Holmes, & Cohen, 2005, Journal of Experimental Psychology: General, 134[3], 291–307), and that
these effects emerge relatively quickly following T1 onset. Moreover, in both behavioral and pupil analyses, we found that
detecting low-prevalence targets exacerbates the LC refractory period. Consequences for theories of the LPE are discussed.
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Abundant research has established that rare targets are harder to
find than common targets are, a phenomenon known as the
low-prevalence effect (LPE; `Wolfe, Horowitz, & Kenner,
2005; see `Horowitz, 2017, for ameta-analysis). The LPE arises
in laboratory (e.g., `Wolfe et al., 2007) and applied contexts,
such as radiology (`Evans, Birdwell, & Wolfe, 2013), identifi-
cation checks (e.g., `Papesh, Heisick, & Warner, 2018), and
baggage screening (`Wolfe, Brunelli, Rubinstein, & Horowitz,
2013). Because visual search is complex, involving overlap-
ping and cascaded cognitive operations (e.g., oculomotor guid-
ance, object identification, decision-making), a full theoretical
account of the LPE must necessarily consider each stage.

The multi-decision model (MDM; `Wolfe & Van Wert,
2010) explains miss rates via two mechanisms—quitting
thresholds and identification criteria. According to the
MDM, observers make successive two-alternative forced-
choice decisions to fixated search items, querying whether

each is a target. If the scrutinized item surpasses an identifica-
tion criterion, the observer responds, Btarget present.^ If the
item falls below criterion, observers repeat this process for a
new item. As search continues, a simultaneous diffusion pro-
cess accumulates toward a quitting threshold. Once this
threshold is reached, observers terminate search. By this mod-
el, low-prevalence targets induce two changes: Quitting
thresholds become relaxed (making early search termination
more likely), and identification criteria become stricter (mak-
ing it harder for observers to appreciate targets as Btargets^).

Ample evidence shows that the LPE causes observers to
prematurely conclude search, consistent with reduced quitting
thresholds. When targets appear infrequently, Btarget-absent^
responses are faster (e.g., Godwin, Menneer, Riggs, Cave,
Thaibsyah, & Donnelly, 2015b; `Rich et al., 2008; `Wolfe
et al., 2005), and eye-movement data indicate that rare targets
often go unexamined (e.g., `Peltier & Becker, 2016; `Wolfe &
Van Wert, 2010). Eye-movement studies also support
prevalence-linked shifts in identification thresholds. For ex-
ample, `Hout,Walenchok, Goldinger, andWolfe (2015) found
that decision latencies were slower after observers fixated rare
targets (see also Godwin, Menneer, Riggs, Cave, & Donnelly,
2015a; `Peltier & Becker, 2016). This suggests that identifica-
tion criteria increased, and observers required more evidence
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to produce Btarget-present^ responses. `Hout et al. also used
rapid serial visual presentation (RSVP) to eliminate variation
in participants’ quitting thresholds and potential errors due to
repetitive motor responses (e.g., `Fleck & Mitroff, 2007).
Although participants responded after all items had been
viewed, rare targets were still missed disproportionately often.
Combined, these results reveal that both quitting thresholds
and identification criteria contribute to the LPE. Although
inflated miss rates are the hallmark of the LPE, our interest
involved the consequences of successful rare target detection.
Specifically, if identification criteria for rare targets are con-
servatively shifted, then surpassing those criteria should con-
sume more cognitive resources, yielding consequences for
other ongoing perceptual and cognitive processes.

Most LPE studies have examined visual search, measuring
how target prevalence affects behavioral and oculomotor mea-
sures of target-present/target-absent decisions. For example,
when targets co-occur, observers easily spot the common tar-
get yet often miss the rare one (`Fleck, Samei, & Mitroff,
2010). Successfully detecting rare targets, however, should
require extended (or exacerbated) attentional demands, selec-
tively reducing available resources for subsequent cognitive
processes. The present study investigated this hypothesis
using the attentional blink (AB; `Raymond, Shapiro, &
Arnell, 1992). The AB occurs when observers monitor a series
of rapidly presented stimuli, searching for two targets. When
the second target (T2) occurs in close temporal proximity
(typically 200–500 ms) to the first target (T1), observers are
likely to miss T2, due to ongoing resources devoted to T1 (see
`Martens & Wyble, 2010).

Neurologically, the source of the AB has been attributed to
the activity of the locus-coeruleus norepinephrine (LC-NE)
system (`Nieuwenhuis et al., 2005; `Warren et al., 2009).
The LC is a brain-stem nucleus responsible for innervating
nearly all forebrain regions with NE, with particularly strong
connections to areas involved in attention (`Morrison& Foote,
1986). Extensive axonal branching gives LC-NE neurons
widespread influence, and volume transmission within diffu-
sion zones (`Beaudet & Descarries, 1978; `Descarries,
Watkins, & Lapierre, 1977; `O’Donnell, Zeppenfeld,
McConnell, Pena, & Nedergaard, 2012), coupled with differ-
ent concentration-dependent adrenoreceptors (`Ramos &
Arnsten, 2007), allow the LC-NE system to modulate atten-
tional states (`Aston-Jones & Cohen, 2005; `Aston-Jones,
Rajkowski, & Cohen, 1999, 2000; `Gilzenrat, Holmes,
Rajkowski, Aston-Jones, & Cohen, 2002; `Usher, Cohen,
Servan-Schreiber, Rajkowski, & Aston-Jones, 1999).
Whereas some receptor types are excitatory under high NE
concentrations, others are inhibitory at low/moderate levels
(`Bickler &Hansen, 1996; `Egli et al., 2005). These excitatory
and inhibitory effects essentially enhance the neural signal-to-
noise ratio, such that most neural activity is quieted, allowing
a subset of activated populations to take priority (`Foote,

Freedman, & Oliver, 1975; `Freedman, Hoffer, Woodward,
& Puro, 1977; `Polack, Friedman, & Golshani, 2013; `Segal
& Bloom, 1976; `Waterhouse & Woodward, 1980).
According to the neurocomputational LC-NE theory of the
AB (`Nieuwenhuis et al., 2005), the Bactivated populations,^
are not location or stimulus-specific, but rather function to
enhance attentional abilities in a temporally precise manner.

Although direct recording from human LC is not possible
(see `Clewett, Huang, Velasco, Lee, & Mather, 2018, for a
recent account using functional imaging), single-cell studies
with animals confirm a tight connection between LC activity
and attention. For example, when motivationally relevant
stimuli are processed, even within simple signal-detection
tasks, LC neurons exhibit a period of intense, phasic activity
(`Aston-Jones & Bloom, 1981; `Foote, Aston-Jones, &
Bloom 1980; `Grant, Aston-Jones, & Redmund, 1988;
`Joshi, Li, Kalwani, & Gold, 2016; `Rasmussen, Morilak, &
Jacobs, 1986; `Sara & Segal, 1991). These phasic bursts typ-
ically peak approximately 150 ms after target onset, and prior
to the behavioral response (`Aston-Jones, Rajkowski, Kubiak,
& Alexinsky, 1994; `Clayton, Rajkowski, Cohen, J& Aston-
Jones, 2004; `Joshi et al., 2016). Importantly, approximately
50–100 ms following phasic NE release (200–250 ms
posttarget onset), the LC becomes autoinhibitory
(`Aghajanian, Cedarbaum, & Wang, 1977; `Egan,
Henderson, North, & Williams, 1983; `Washburn & Moises,
1989), causing a refractory period during which stimulus-
driven LC activity is rarely observed (`Aston-Jones et al.,
1994; `Usher et al., 1999). Together, the temporal characteris-
tics of the LC-NE system suggest a dynamic period of en-
hanced, and then suppressed, attentional abilities, as schemat-
ically outlined in Fig. 1.

As implied by Fig. 1, the pattern of LC activation, followed
by autoinhibition, should have consequences for target

Fig. 1 Hypothetical locus-coeruleus (LC) spiking rate, time-locked to the
onset of a motivationally salient stimulus. The LC refractory period typ-
ically lasts from approximately 200 ms poststimulus to 400–450 ms post-
stimulus (`Usher et al., 1999)
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detection in AB paradigms. Specifically, when T2 occurs
within close ( <150 ms) temporal proximity to T1, that target
should benefit from the residual LC activation and be easily
detected (this is called Lag-1 sparing within the AB literature;
see `Visser, Biscof, & Di Lollo, 1999, for a meta-analysis).
Further, when T2 appears during the refractory period (be-
tween 200 ms and 400 ms post T1), no processing should
occur, resulting in the AB. `Nieuwenhuis et al. (2005) tested
these predictions in a behavioral AB paradigm, confirming
both Lag-1 sparing and the temporal dynamics of the AB
(i.e., diminished detection at Lags 2 and 3, with a gradual
recovery by Lag 5). Moreover, in an extension to the
neurocomputational model of LC function proposed by
`Gilzenrat et al. (2002), `Nieuwenhuis, Gilzenrat, Holmes,
and Cohen (2005) showed that the model captured these crit-
ical characteristics, confirming a role for the LC in the AB.

The neurocomputational model of LC function in the AB
makes several additional predictions, as outlined by
`Nieuwenhuis et al. (2005). Critical to the present study, their
simulations indicated that the magnitude of the AB should be
influenced by the magnitude of the LC response, such that
stimuli that yield larger LC responses should also yield a
greater impairment to T2 detection. For example, stimulus
novelty (`Sara & Segal, 1991) and frequency (Aston-Jones,
Rajkowski, & Kubiak, 1997; `Aston-Jones et al., 1994) have
both been shown to modulate LC activity. It stands to reason,
therefore, that these manipulations would also influence the
magnitude of the AB. In our study, we relied on the
established temporal dynamics of the AB to provide insight
into the resources consumed by rare and common targets,
predicting that rare targets would demand enhanced LC activ-
ity and exacerbate the AB.

Prior research investigating the influence of target probability
on the AB has shown a prolonged AB with infrequent, relative
to frequent, T1 (e.g., `Crebolder, Jolicœur, & McIlwaine, 2002;
`Shapiro, Raymond, &Arnell, 1994). In these studies, however,
T1 was presented in a different color than the rest of RSVP
search stream, so the effect of target probability may have been
influenced by perceptual salience. Additionally, T2 was predict-
able (always X or Y), so participants’ decision was to determine
whether an X had been presented (`Shapiro et al., 1994), or to
discriminate between two options (`Crebolder et al., 2002). In
our study, we held perceptual salience constant and introduced
greater ambiguity in the identity of T2, allowing us to more
precisely investigate the impact of T1 probability on T2 pro-
cessing. Across two experiments, we examined the attentional
consequences of detecting rare, versus common, targets in a
dual-target RSVP search paradigm. Our predictions derived
from the LC-NE model of the AB (`Nieuwenhuis et al.,
2005), such that we anticipated that low-prevalence T1 would
demand greater LC resources and exacerbate the AB, relative to
high-prevalence T1. We tested these predictions behaviorally in
Experiment 1, and with eye tracking in Experiment 2.

Experiment 1

Experiment 1 investigated the LPE in rapid serial visual
search. Whereas many studies explore the LPE as it manifests
in miss rates, we examined the consequences of successful
rare target detection. Specifically, we derived hypotheses from
the LC-NE model of the AB (`Nieuwenhuis et al., 2005),
which suggests that stimuli that demand greater LC engage-
ment lead to a prolonged LC refractory period. This refractory
period typically lasts up to 400 ms (`Usher et al., 1999), which
encompasses the Bblink^ duration in standard AB paradigms
(`Martens & Wyble, 2010). We hypothesized that, relative to
common T1, rare T1 would demand greater LC engagement,
and thus exacerbate the AB. If prevalence exerts this effect by
extending the refractory period, then we should observe an
interaction between prevalence and lag. If, on the other hand,
prevalence effects consume more attentional resources, with-
out extending the refractory period, then we should observe a
main effect of prevalence.

Method

Participants A power analysis (main effects and interaction α
= .05, β − 1 = .95) conducted on the Prevalence × Target-
Presence interaction effect size in Experiment 2 of `Peltier and
Becker (2016; ηp

2 = .589) indicated that 25 participants were
necessary to obtain a within-subjects LPE. Thus, 63 under-
graduate students (Mage = 19.48 years, SD = 3.21; 44 women)
participated in Experiment 1 for partial course credit. All par-
ticipants self-reported normal or corrected-to-normal vision
and color vision.

Stimuli Targets consisted of uppercase letters (excluding I, L,
O, W, X), whereas distractors consisted of digits (2–9) and
symbols (<, >, =, %, &, *, #, ?). To manipulate T1 prevalence,
a subset of five letters (A, E, M, R, Y) appeared with unequal
frequency. The letter M was the high-prevalence target,
appearing in 120 trials (50%), the letters E and Y were
medium-prevalence targets, each appearing in 48 trials (40%
total), and the letters A and R were low-prevalence targets,
appearing in 12 trials each (10% total).1 The identity of T2
was completely random using the remaining letters of the
alphabet, with each letter used equally across trials. All stimuli
were presented in black, 32-point Courier New font on 21.5-
inch monitors, with 1,920 × 1,080 screen resolution and 60-
Hz sampling rates. Experimental procedures were controlled
using E-Prime 2.0 (`Psychology Software Tools, 2012).

1 Throughout, we use prevalence to refer to the presentation frequencies for
different targets. Although frequency is the more appropriate term, we wanted
to avoid confusion with lexical stimuli (i.e., high-frequency and low-frequency
words) and remain consistent with the literature on visual search.
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ProcedureAfter providing written informed consent and com-
pleting seven practice trials, participants completed a single
block of 240 experimental trials. Participants self-initiated
each trial by pressing the space bar, at which point a 500-ms
fixation cross appeared in the center of the screen. The fixation
cross offset was followed by a 24-item RSVP stream, with
each item presented centrally for 15 ms, followed by a blank
interstimulus interval (ISI) of 75 ms, resulting in a presenta-
tion rate of 11.11 items/s (consistent with timing parameters in
other studies; see `Raymond et al., 1992). RSVP streams
consisted of 22 distractor items and two targets. T1 only ap-
peared in one of seven serial positions (3, 5, 9, 11, 13, 15, 19),
randomly selected per trial, ensuring that no target was pre-
sented in the first or last two positions. The lag between T1
and T2 was manipulated, such that six randomly selected lags
(2, 3, 4, 5, 6, 7) occurred equally often.2 As is typical in AB
research (`Martens & Wyble, 2010), Blag^ refers to the serial
position at which T2 occurs after T1, so that BLag 2^ means
that there was one intervening item between T1 and T2. Long
lags (four and above) never occurred when T1 was presented
at Serial Position 19. Following the offset of the RSVP stream,
participants identified the two letters that appeared in the
stream by typing them on the keyboard. Participants could
enter letters in any order (T1 first or T2 first), and were asked
to type BX^ if they missed one or both letters. No feedback on
their identification responses was provided.

Results

Accuracy was calculated based on correct reporting of
target identities, regardless of the order in which partici-
pants typed their responses. Because accuracy data were
proportions, they were arcsine-square-root transformed
prior to analysis. For the purpose of clarity, we report
inferential statistics on the transformed data, but present
raw values in our descriptive statistics and graphs. The
alpha level for all analyses was .05, multiple comparisons
were subject to Bonferroni corrections, and degrees of
freedom were Greenhouse–Geisser corrected, where nec-
essary. Traditional frequentist analyses were supplement-
ed with Bayesian versions conducted in JASP (`JASP
Team, 2018). For Bayesian ANOVAs, the Bayes factor
(BF10) reflects the strength of evidence favoring the in-
clusion of each effect or interaction in a comparison mod-
el relative to a Bnull^ model. Lastly, because identification
accuracy did not differ significantly across the two target
letters in the low-prevalence, t(62) = 1.62, p = .11, or
medium-prevalence, t(62) = .66, p > .250, conditions,
we analyzed data for the two letters together, within each
prevalence condition.

T1 identificationWe analyzed T1 accuracy in a 3 (prevalence:
high, medium, low) × 6 (lag: 2, 3, 4, 5, 6, 7) repeated-
measures ANOVA. Consistent with the LPE in visual search,
we observed a reliable main effect of prevalence, F(1.68,
97.34) = 28.66, p < .001, ηp

2 = .33, BF10 = 2.094e+15.
Although the difference between raw low-prevalence (LP)
and medium-prevalence (MP) T1 identification rates was
small (see Fig. 2, left panel), post hoc tests revealed that this
was a reliable difference, t = −5.51, p < .001, BF10 = 172.42.
Importantly, participants’ ability to identify high-prevalence
(HP) T1 was reliably better than both LP, t = 2.84, p = .01,
BF10 = 45.66, and MP, t = 13.16, p < .001, BF10 = 3.789e+31,
T1. We also observed a small effect of lag, F(4.32, 250.36) =
2.56, p = .04, ηp

2 = .04, BF10 = 0.04, which revealed that
participants’ were less likely to identify T1 when T2 occurred
at Lag 2, although this was only reliable when contrasted with
Lag 5, t = −3.32, p = .02, BF10 = 1.35. This finding is consis-
tent with prior research (e.g., `Potter, Staub, & O’Connor,
2002; `Warren et al., 2009) suggesting that when T1 and T2
occur in close temporal proximity, the competition for limited
attentional resources is resolved by devoting those resources
to T2. There was no statistically reliable interaction, F(6.67,
413.33) = 1.44 p = .19, ηp

2 = .02, BF10 = 0.01.

T2 identification To examine whether successful identification
of rare targets demands more resources than frequent targets,
we conducted a 3 (T1 prevalence: HP, MP, LP) × 6 (lag)
repeated-measures ANOVA on the proportion of correct T2
identifications, contingent upon successful T1 identification
(T2|T1). Results revealed main effects of T1 prevalence,
F(1.42, 88.11) = 11.5, p < .001, η2 = .15, BF10 = 99.61, and
lag, F(5, 310) = 26.1, p < .001, η2 = .29, BF10 = 2.031e+27,
with no interaction, F(5.63, 349.2) = 1.91, p = .08, η2 = .03,
BF10 = 0.04. Bonferroni-corrected pair-wise comparisons re-
vealed that T2 identification did not significantly differ fol-
lowing detection of LP (M = .70, SE = .02) or MP T1 (M =
.72, SE = .01) when collapsed across all lags, t = .74, p = 1.00,
BF10 = 0.05.3 However, relative to HP T1 (M= .79, SE= .01),
both LP, t = 6.73, p < .001, BF10 = 5.518e+7, and MP T1, t =
4.02, p < .001, BF10 = 88.62, produced lower T2 identifica-
tion. The main effect of lag was characterized by a general
improvement in performance with longer lags.

Discussion

Experiment 1 confirmed the prediction that the frequency with
which T1 is encountered will affect the magnitude of the AB.
Specifically, the LC-NE model (`Nieuwenhuis et al., 2005)
suggests that the AB will be modulated by any stimulus or

2 Note that, due to a programming error, Lag 1 was not included, so we could
not test predictions about Lag-1 sparing in Experiment 1.

3 Note that the difference in T2 identification between LP and MP T1 is
reliable when examining raw accuracy values, t = 2.62, p = .03, such that T2
identification decreased following the detection of LP, relative to MP, T1.
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variable that differentially engages the LC, such as stimulus
frequency. In Experiment 1, we showed that infrequent T1
were less likely to be detected than frequent T1, and that
successful rare target detection induced a greater attentional
impairment, as reflected by observers’ greater inability to de-
tect a second target after the first. Although the interaction
between Prevalence and Lag was not reliable, and therefore
cannot conclusively support the prediction that rare targets
extend the LC refractory period, the lag-3 data in Figure 2
(right panel), hints toward this effect. The influence of target
rarity on the AB is not without precedent (`Crebolder et al.,
2002; `Shapiro et al., 1994), and our results generally replicate
prior findings, using equally perceptually salient T1, and
greater ambiguity in the identity of T2.

Although we relate our findings from Experiment 1 to the
neurocomputational model of the LC, direct recordings from
the LC are nearly impossible in humans. Whereas pharmaco-
logical and microelectrode research are common for testing
LC functions in non-human animals, the dominant method for
estimating LC activity in humans derives from the close rela-
tionship between the LC and pupillary responses. When re-
searchers can minimize external influences (e.g., lighting, var-
iable temperatures) and internal factors (e.g., fatigue, pharma-
cological influence, emotional arousal), the size of the eyes’
pupils can be traced to activity in the LC-NE system, with
greater pupil dilation reflecting greater LC activation
(`Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010). For exam-
ple, direct neural recordings from awake, behaving animals
often link pupil size to the activity of the LC-NE system
(e.g., `Aston-Jones & Cohen, 2005). `Joshi et al. (2016) re-
cently reported that LC activity reliably precedes both spon-
taneous and stimulus-driven pupillary changes. Moreover,
these changes occurred on a time-scale comparable to
single-unit spiking rates, with pupil dilation occurring approx-
imately 310 ms after a spike and constriction occurring

750 ms post-spike. During passive fixation, pupil dilation
was directly correlated with LC spike rates. When a startling
tone was played, LC activity transiently increased, directly
before pupil dilation.

Previous research has clearly linked LC activity to the AB,
using both behavioral (`Warren et al., 2009) and computation-
al modeling approaches (`Nieuwenhuis et al., 2005).
Subsequent work has confirmed this link, and elucidated the
relatively rapid pupillary responses to RSVP stimuli (`Wierda,
Van Rijn, Taatgen, & Martens, 2012; `Zylberberg, Oliva, &
Sigman, 2012). In Experiment 2, we used pupillometry to
more precisely test the predictions derived from the LC-NE
hypothesis about the AB.

Experiment 2

The goal of Experiment 2 was to test predictions from the LC-
NE hypothesis about the impact of target prevalence on the
AB. The LC typically exhibits a pattern of phasic activity that
peaks within 150 ms of the onset of motivationally-relevant
stimuli (`Aston-Jones et al., 1994; `Clayton et al., 2004; `Joshi
et al., 2016). Approximately 200-250 ms following stimulus
onset, the LC becomes refractory, such that that new stimuli
rarely evoke LC activity (`Aston-Jones et al., 1994; `Usher
et al., 1999). This time course closely matches that of the
AB. Specifically, if a second target is presented during the
phasic LC response to a first target (within 100 – 150 ms;
`Aston-Jones et al., 1994; `Clayton et al., 2004), T2 process-
ing should be facilitated (lag-1 sparing)4. If, however, T2 is
presented during the LC refractory period (200 – 400 ms after
T1), it should go undetected (attentional blink).

4 Note that this prediction is not unique to the LC–NE hypothesis.

Fig. 2 Results for the proportion of correct T1 identifications (left panel) and correct T2 identifications on trials were T1 was also correctly identified
(T2|T1; right panel) in Experiment 1. Error bars represent ±1 SEM
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According to the LC-NE hypothesis, LC activity drives
both lag-1sparing and the AB. As such, factors that differen-
tially engage the LC should produce observable changes in
these phenomena. Because the LC is sensitive to stimulus
frequency (`Aston-Jones et al., 1997; Aston-Jones et al.,
1994), we hypothesized that detecting rare T1 should increase
lag-1 sparing and strengthen the LC refractory period, thereby
exacerbating the attentional blink. Given the temporal dynam-
ics of LC activity, rare T1 should induce worse T2 detection
between 200 and 400 ms of T1 onset. To approximate LC
engagement, we monitored pupil size in Experiment 2, be-
cause it is an established and time-sensitive marker of LC
activity (`Joshi et al., 2016), and should therefore also be sen-
sitive to stimulus frequency. Specifically, we hypothesized
that pupillary responses should be larger for rare, relative to
common, T1 detection, particularly in trials in which T2 is
subsequently missed (AB trials). Given the approximate
300-ms lag between LC activity and phasic pupillary re-
sponses, these effects should begin to emerge between 500 –
700 ms post-T1 onset.

Method

Participants Fifty-one undergraduate students (Mage = 20.7
years, SD = 4.75; 33 women) participated in exchanged for
partial course credit. A power analysis (within-subject factors
α = .05, β-1 = .95) indicated that Bmedium^ size effects
(Cohen’s f = 0.257) should be observed with the current sam-
ple size. All participants self-reported normal or corrected-to-
normal vision and color vision.

Stimuli and apparatus Stimuli were presented in black (RGB:
0,0,0) 62-point New Courier font (approx. 3.5 cm) on a silver
background (RGB: 192, 192, 192) of a 27-inch BenQ
XL2720Z monitor with a resolution of 1920 x 1080 and a
refresh rate of 60Hz. This was constant across all levels of
target-prevalence. However, because we observed no differ-
ences between LP and MP T2|T1 identification rates in
Experiment 1, only low-prevalence (22%; letters A and R)
and high-prevalence targets (88%; letter M) were included in
this Experiment. Pupil sizes were recorded monocularly from
each observers’ dominant eye with an EyeLink 1000Plus eye-
tracker (SR Research Ltd., Mississauga, Ontario, Canada),
with the sampling rate set to 500Hz. Viewing distance was
94 cm from the display and experimental procedures were
controlled using E-Prime 2.0 (`Psychology Software Tools,
2012).

Procedure The procedure was similar to Experiment 1, except
that T2 could now appear at Lag 1 (i.e., immediately following
T1), late-appearing T1 could be followed by long-lag T2, and
the search stream was lengthened to 28 items to accommodate
the temporal dynamics of pupillary responses. T1 was

presented at random in serial positions 6-14, and T2 was pre-
sented at random Lags of 1-6, with an equal number of pre-
sentations across all six lags. The experiment consisted of four
blocks of 54 trials (216 trials total), with self-paced breaks in
between each block to ensure participant comfort on the eye-
tracker. Using blocks allowed us to ensure that T1 prevalence
was consistently manipulated (42 HP trials, and 12 LP trials),
such that random sampling did not produce phases with higher
or lower prevalence. All other experimental procedures were
identical to Experiment 1.

Results

T1 identification We examined T1 accuracy in a 2
(Prevalence) x 6 (Lag) repeated measures ANOVA. We did
not observe a main effect of Prevalence (p > .250, BF10 =
0.091), but we observed a main effect of Lag, F(4.15,
205.77) = 16.61, p < .001, ηp

2 = .25, BF10 = 9.146e+9.
Replicating the Lag effect from Experiment 1, we found that
T1 was less likely to be identified when T2 occurred in close
temporal proximity (Lag 1), relative to other Lags (see
Figure 3, left panel). There was no interaction between
Prevalence and Lag, F(2, 259) = 1.58, p = .17, ηp

2 = .03,
BF10 = 0.072.

T2 identification Although there was no reliable behavioral
difference between HP and LP T1 identification, we predicted
that participants’ T2 identification would be reliably affected
by the frequency with which successfully identified T1 were
encountered. To test this hypothesis, we examined T2|T1
identification accuracy in a 2 (T1 Prevalence) x 6 (Lag) re-
peated measures ANOVA. Both main effects and the interac-
tion were reliable. The main effect of Lag, F(3.64, 181.9) =
57.1, p < .001, ηp

2 = .53, BF10 = 9.869e+57, manifest as lag-1
sparing (all pairwise comparisons reliable at p < .001), and
then a gradual recovery in performance following the biggest
detriment at Lag 3. The main effect of T1 Prevalence, F(1, 50)
= 14.89, p < .001, ηp

2 = .23, BF10 = 10.52, must be interpreted
within the context of the small, but reliable interaction,F(4.65,
232.47) = 4.04, p = .002, ηp

2 = .08, BF10 = 0.34. As shown in
the right panel of Figure 3, LP T1 did not produce more lag-1
sparing, t = 0.87, p > .250, BF10 = 0.087, but induced a bigger
detriment to T2 identification than HP T1 across nearly all
lags. Pairwise comparisons revealed that the prevalence ef-
fects were reliable at Lag 2, t = 2.63, p = .011, BF10 = 6.69,
Lag 3, t = 4.53, p <.001, BF10 = 1133.39, and Lag 4, t = 2.24, p
= .03, BF10 = 2.90, but not Lag 5, t = 1.79, p = .08, BF10 =
1.278, or Lag 6, t = 1.29, p = .202, BF10 = 0.595.

0 We also used the subtractive baseline correction method on normalized (z
score) pupil sizes, yielding nearly identical waveforms (see the inset graph in
Fig. 4).
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Pupillometry analyses Pupil data were measured in arbitrary
units standard to EyeLink trackers, and preprocessed and an-
alyzed in MATLAB, using CHAP (`Hershman, Henik, &
Cohen, 2019). Preprocessing involved excluding outlier sam-
ples and trials using CHAP defaults (samples more than 2.5
SD from the trial-normalized mean and trials containing more
than 20% outlier samples). Artifacts due to blinks were
corrected by linear interpolation. Prior to preprocessing, we
established 5 as the minimum acceptable number of valid
trials per condition, which resulted in the exclusion of 7 par-
ticipants. Another 2 participants were excluded because of
errors in event messaging. From the remaining 42 participants,
analyses retained 93% of HP trials and 91% of LP trials, with
no participant contributing fewer than 70% of the total trials.
Samples were baseline corrected by subtracting the average
dilation during the trial period occurring 250-ms prior to the
onset of T1, yielding relative pupil changes throughout the
interest period5. As shown in Figure 4, trials were aligned to
T1 onset (time 0), and our interest period ended at the offset of
the final RSVP item.

To examine the hypothesis that detecting infrequent
targets produce a Bstronger^ LC response, and therefore
an exacerbated attentional blink, we first examined rela-
tive mean pupil sizes as a function of both Prevalence
and whether participants’ behavior reflected the typical
AB pattern (i.e., whether they missed T2). These values
were analyzed in a 2 (T1 Prevalence) x 2 (Blink: AB/no
AB) repeated measures ANOVA. Although we predicted
an interaction between Prevalence and Blink, such that
LP targets should have yielded the largest pupils in AB
trials, this interaction was not observed, F(1, 41) = 0.79,
p = .38, η2p = .02, BF10 = 0.09. As shown in Figure 5,
there were no main effects of Blink, F(1, 41) = .45, p =
.51, η2p = .01, BF10 = 0.23, or Prevalence, F(1, 41) =
1.77, p = .19, η2p = .04, BF10 = 0.38.

As shown in Figure 4, the pupillary response to cognitive
events occurs over an extended time course, so our trial-level
analyses may have masked transient effects. To better explore
the dynamics of the LPE and AB, we examined time-series
analyses in CHAP. These analyses provide Bayesian (Bayes
Factors) statistics for paired samples t-tests comparing two
conditions as a function of trial time (`Hershman et al.,
2019). Whereas we observed no reliable Prevalence effect in
the omnibus analysis (Figure 5), temporal analyses revealed
that Prevalence effects emerged late in the stream, immediate-
ly prior to the onset of the response prompt (see Figure 6).
Figure 6 also reveals the time-course over which the AB is
revealed by pupil size. Whereas the earliest Bpeak^ in the
Bayes Factors may reflect phasic activity in response to target
onset, the AB was revealed by enlarged pupils emerging (and
dissipating) between 700 – 900 ms after T1.

Although Figure 6 shows evidence in favor of predicted
main effects, our overarching hypothesis was that T1 preva-
lence would interact with the AB to produce the most enlarged
pupils in LP trials. To evaluate this, and related, hypotheses,
we plotted BF10 values for three additional hypotheses (see
Figure 7): (1) In blink trials, LP T1 should yield larger pupils
than HP T1, (2) within LP trials, those with an AB should be
associated with larger pupils than those without an AB, and
(3) within HP trials, those with an AB should be associated
with larger pupils than those without an AB. As shown in
Figure 7, the evidence was mixed. We obtained moderate
support for the first hypothesis, consistent with the temporal
analyses shown in Figure 6. Specifically, the BF10 values sup-
ported the hypothesis that LP AB trials would yield larger
pupils than HP AB trials, but only very late in the stream,
possibly reflecting differential preparatory processes in antic-
ipation of the response prompt. There was little evidence in
favor of the hypothesis that HP AB trials would yield larger
pupils thanHP trials with no blink (hypothesis 3). Importantly,

Fig. 3 Results for the proportion of correct T1 identifications across blocks (left panel) and correct T2|T1 identifications (right panel) in Experiment 2.
Error bars represent ±1 SEM
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however, we obtained strong evidence in favor of the second
hypothesis, that LPAB trials would yield larger pupils than LP
trials with no blink. During LP blink trials, participants’ pupils
were markedly larger starting at 500 ms post-T1. Considered
in conjunction with the time-series analysis in Figure 6, this
suggests that the AB effects observed in the broader data are
more reflective of LP blink trials, relative to HP blink trials.

Discussion

Although we did not observe prevalence effects in T1 identi-
fication, which was likely due to our use of a paradigm that
eliminates the more common selection (early search termina-
tion) errors (`Peltier & Becker, 2016), Experiment 2 nonethe-
less revealed carryover prevalence effects in T2 identification.
Replicating Experiment 1, we found that successful identifi-
cation of a second target is impaired following the detection of
a rare, relative to common, T1. Experiment 2 tested two pre-
dictions derived from the LC-NE hypothesis of the AB
(`Nieuwenhuis et al., 2005): 1) Additional targets presented
during the phasic LC response to T1 (within 100 -150 ms of
T1) should show enhanced detection rates, consistent with
lag-1 sparing, and 2) Additional targets presented during the
LC refractory period (200 – 400 ms after T1) should show a
negative relationship between LC involvement and detection
rates, such that greater LC engagement yields worse perfor-
mance. Our results confirmed the first prediction, replicating
previous research showing lag-1 sparing (e.g., `Visser et al.,
1999). Although the LC-NE hypothesis predicts lag-1 sparing,
greater engagement of the LC following rare T1 would predict
enhanced lag-1 sparing following low-prevalence T1. Lag-1
detection rates were near ceiling in Experiment 2, however,
possibly occluding any differential behavioral effects related

Fig. 4 Average baseline-corrected pupil size in arbitrary and normalized (inset graph) units. Time 0 denotes T1 onset. Separate lines show pupil size
during high-prevalence (HP) and low-prevalence (LP) T1 trials that induced an attentional blink (AB) or not (no AB)

Fig. 5 Average baseline-corrected peak pupil diameter following high-
prevalence and low-prevalence T1 as a function of whether an attentional
blink was observed for that trial. Error bars represent ±1 SEM
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to T1 prevalence. Our results also confirmed the second hy-
pothesis, and contribute new knowledge about the attentional
costs and consequences of low-prevalence target detection.
Specifically, we found that, even when LP targets were iden-
tified, they nonetheless resulted in greater attentional costs to
subsequent processing, as reflected both behaviorally and via
pupil diameter. Temporal analyses confirmed the time-course
of these effects, with evidence for enhanced LC engagement

beginning 700-ms post-T1 and ending by 900-ms post-T1,
consistent with the LC refractory period identified by
`Nieuwenhuis et al. (2005) and the temporal dynamics of pha-
sic pupillary responses (`Joshi et al., 2016). Although we did
not observe enlarged pupils for rare, relative to common, tar-
gets throughout the entire time series, these analyses were
time-locked to T1 onset, which occurred in variable positions,
potentially masking transient prevalence-mediated changes in

Fig. 6 Time-series Bayes factors (BF10) evaluating the hypotheses that
low-prevalence (LP) trials would yield larger pupils than high-prevalence
(HP) trials (solid line) and attentional blink (AB) trials would yield larger

pupils than no AB trials (dashed line) would. The horizontal reference
line at BF10 = 3 indicates moderate evidence for the hypothesis (Jeffreys,
1961)

Fig. 7 Time-series Bayes factors (BF10) evaluating the hypotheses that
(1) low-prevalence (LP) attentional blink (AB) trials would yield larger
pupils than high-prevalence (HP) AB trials (solid line) would; (2) LPAB

trials would yield larger pupils than LP no AB trials (dotted line) would;
and (3) HP AB trials would yield larger pupils than HP no AB trials
(dashed line) would
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attentional engagement (e.g., as when T1 occurred late in the
stream). We discuss the theoretical impact of these findings in
the General Discussion.

General discussion

In the present study, we examined the Bdownstream^ conse-
quences of the low-prevalence effect (LPE), which typically
manifests as inflated miss rates to visual search targets that
only rarely appear (`Wolfe et al., 2005). Although many stud-
ies have explored the causes of rare target misses (e.g., `Fleck
& Mitroff, 2007; `Wolfe & Van Wert, 2010), we examined
successful rare target detection, and its consequences for the
availability of attentional resources for subsequent cognitive
processing. Specifically, using a multiple-target RSVP para-
digm, we eliminated the possibility of motor response errors
(e.g., `Fleck & Mitroff, 2007) and relaxed quitting thresholds
(e.g., `Wolfe & Van Wert, 2010), leaving only the possibility
of conservative identification criteria. Although this eliminat-
ed a common source of LPE errors, rare targets (T1) were
nevertheless detected less often than common targets in
Experiment 1, consistent with research showing prevalence
effects even when rare targets are directly viewed (Godwin
et al., 2015a; `Hout et al., 2015; `Peltier & Becker, 2016).
Although Experiment 2 failed to replicate this effect, such that
common and rare T1 were identified equally often, our prima-
ry interest was examining performance to the second target
(T2) in the RSVP search stream, contingent upon successful
T1 identification.

By focusing on T2 identification, our paradigmwas closely
aligned with research on the attentional blink (AB), a phenom-
enon wherein observers fail to identify targets that occur in
close temporal proximity to earlier targets (`Raymond et al.,
1992). The AB is often theorized to reflect depletion of
limited-capacity attentional resources by T1, leaving insuffi-
cient resources remaining to detect and identify T2 (`Martens
&Wyble, 2010). Neurocomputational models of the AB relate
this resource depletion to activity in the brain-stem locus
coeruleus (LC), a neuromodulatory nucleus critically involved
in regulating attention and cognition via norepinephrine (NE;
`Nieuwenhuis et al., 2005). When observers encounter moti-
vationally relevant stimuli, the LC exhibits a phasic period of
activity, transiently increasing the availability of NE. This
phasic NE release is said to facilitate processing by increasing
neural gain, temporarily making activated regions more sen-
sitive to afferent input (`Berridge & Waterhouse, 2003).
Enhanced neural gain facilitates T1 detection, and can also
explain lag-1 sparing (Niewenhuis et al., 2005), which occurs
when T2 processing is spared if it occurs immediately after
T1. More importantly, following phasic activity, the LC be-
comes inhibitory for a period approximately 200-400 ms post-
T1 (`Aston-Jones et al., 1994; `Usher et al., 1999), which is

closely related to the typical period of the AB (`Martens &
Wyble, 2010).

`Nieuwenhuis et al. (2005) confirmed the presence of both
the AB and lag-1 sparing in their computational model of LC
function, and theorized that any stimulus property that differ-
entially engages the LC should also differentially affect the
AB. We tested this hypothesis by manipulating stimulus fre-
quency, a variable known to influence LC activity (Aston-
Jones et al., 1997; `Aston-Jones et al., 1994) and measuring
the behavioral and pupillometric consequences of rare target
detection. In Experiment 1, we confirmed the presence of an
LPE in T1 detection, and showed that successful identification
of rare T1 induces a stronger AB, behaviorally consistent with
the predictions of the LC-NE model. Experiment 2 further
elucidated the impact of stimulus frequency by showing a
more pronounced AB and effects of stimulus frequency on
pupil size, a marker of LC activity (`Joshi et al., 2016).
When observers encountered rare T1, they were less likely
to identify an additional target presented within the LC refrac-
tory period, and this was marked by enlarged pupils. The time
course of the effects documented in Figures 6 and 7 is similar
to the period of autoinhibition that occurs following phasic
bursts of LC activity (`Aghajanian et al., 1977; `Egan et al.,
1983; `Washburn & Moises, 1989), which causes pupils to
enlarge, and suggests that the AB arises, at least in part, from
the LC refractory period.

Most theories of the AB posit some form of limited atten-
tional resource whose temporary depletion produces the char-
acteristic Bblink^ in perception (e.g., `Chun & Potter, 1995;
`Di Lollo, Kawahara, Ghorashi, & Enns, 2005; `Jolicoeur,
1998, 1999; `Shapiro, Raymond, & Arnell, 1997), and many
computational models have been put forth to explain the phe-
nomenon (e.g., `Bowman &Wyble, 2007; `Dehaene, Sergent,
& Changeux, 2003; `Nieuwenhuis et al., 2005; `Olivers &
Meeter, 2008; `Shih, 2008; `Simione et al., 2012). The LC-
NE model (`Nieuwenhuis et al., 2005), with which we see our
results as consistent, is not unique in its ability to accommo-
date the dynamic facilitation (lag-1 sparing) and inhibition
(AB) typically observed. Indeed, the boost and bounce theory
(`Olivers &Meeter, 2008) has been proposed to accommodate
both of these findings, as well as the necessity of distractors
for producing the AB (e.g., `Kawahara, Kumada, & Di Lollo,
2006). Boost and bounce theory explains the characteristics of
the AB via interacting bottom-up and top-down attentional
processes. When targets are encountered, bottom-up excitato-
ry processes and top-down attentional enhancement give rise
to target identification. These facilitation effects are not halted
until a distractor engages bottom-up inhibitory processes,
which themselves are inappropriately enhanced by remnant
excitation from T1. In this way, the boost and bounce theory
does not assume that limited-capacity mechanisms account for
the AB, but rather proposes that the effects arise due to atten-
tional selection and gating mechanisms. Findings that have
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typically been taken as support for the boost and bounce the-
ory, such as cuing effects (e.g., `Nieuwenstein, 2006), have
been explained within the context of the LC-NE model, and
subsequent research on target-distractor interference (`Warren
et al., 2009) has produced results inconsistent with boost and
bounce. Our results, however, can be accommodated by both
models of the AB: Whether infrequent T1 exacerbate the LC
refractory period or produce greater post-T1 inhibition stem-
ming from T1 excitation remains a question for future
research.

Overall, our results provide clear evidence that the
LPE manifests as more than just an inflated miss rate:
When observers successfully detected rare T1, subse-
quent T2 detection was less accurate, relative to trials
with common T1, suggesting that rare targets demand
excess resources. This explanation has precedent within
the literature on multiple-target search. For example,
`Adamo, Cain, and Mitroff (2017) explored individual
differences in susceptibility to subsequent search misses
(e.g., when a radiologist fails to spot a second target
after detecting the first), and found that attentional deple-
tion was a primary contributor to these miss rates.
Similarly, eye-tracking research has revealed that, where-
as common targets are located and identified quickly,
rare targets take more time to identify, and are sometimes
still Bmissed,^ despite direct fixation (e.g., Hout et al.,
2015). In essence, the attentional processes consumed by
rare target detection seem to make the human mind Bless
ready^ to perceive another target, even when it is directly
fixated. Although existing models of visual search (e.g.,
MDM; `Wolfe & Van Wert, 2010) nicely capture the
causes of prevalence-linked miss rates (e.g., identifica-
tion and quitting thresholds), the current results reveal
that inflated miss rates are not the only consequence of
low target prevalence. When observers successfully iden-
tify rare targets, their ability to process additional infor-
mation is temporarily depleted.
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