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Abstract Uncertainty about future threat has been found to
be associated with an overestimation of threat probability
and is hypothesized to elicit additional allocation of atten-
tion. We used event-related potentials to examine
uncertainty-related dynamics in attentional allocation,
exploiting brain potentials’ high temporal resolution and
sensitivity to attention. Thirty participants performed a
picture-viewing task in which cues indicated the subsequent
picture valence. A certain-neutral and a certain-aversive cue
accurately predicted subsequent picture valence, whereas an
uncertain cue did not. Participants overestimated the effec-
tive frequency of aversive pictures following the uncertain
cue, both during and after the task, signifying expectancy
and covariation biases, and they tended to express lower
subjective valences for aversive pictures presented after the
uncertain cue. Pictures elicited increased P2 and LPP ampli-
tudes when their valence could not be predicted from the
cue. For the LPP, this effect was more pronounced in re-
sponse to neutral pictures. Uncertainty appears to enhance
the engagement of early phasic and sustained attention for
uncertainly cued targets. Thus, defensive motivation related
to uncertainty about future threat elicits specific attentional

dynamics implicating prioritization at various processing
stages, especially for nonthreatening stimuli that tend to vi-
olate expectations.

Keywords Uncertainty . Attention . Emotion . Expectancy
bias . Event-related potentials (ERPs)

Accurate predictions of the near future are essential in deci-
sion making and goal-directed behavior, since they enable us
to achieve desirable and avoid undesirable outcomes.
Conditions of unpredictable negative events are associated
with sustained anxiety and apprehension (Davis, Walker,
Miles, & Grillon, 2010; Grillon, 2008; Grupe & Nitschke,
2013) and give rise to the search for strategies to reduce un-
certainty—for example, by correctly assessing contingencies
(Alloy & Tabachnik, 1984). However, the ability to assess
contingencies is impaired, as is indicated by research demon-
strating illusory correlations between cues ambiguously sig-
naling potential threat and subsequent aversive events (Grupe
& Nitschke, 2011; Sarinopoulos et al., 2010; Wiemer,
Mühlberger, & Pauli, 2014). Sarinopoulos and colleagues uti-
lized a passive picture-viewing paradigm in which a cue indi-
cated whether a subsequent picture would be neutral or aver-
sive (certain conditions), or either of the two (uncertain con-
dition). Neutral and aversive pictures occurred equiprobably
in the uncertain condition, but participants were not informed
of this fact. The authors reported a covariation bias for
uncertain cues and aversive pictures—that is, after the
experiment, subjects overestimated the proportion of neg-
ative pictures in the uncertain condition. Grupe and
Nitschke (2011), employing the same paradigm, recorded
trial-by-trial ratings of expectancy for negative pictures
after each cue, and found an expectancy bias for negative
pictures after the uncertain cue.
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Furthermore, the biased evaluation of threat probability and
the inability to prepare oneself imply that unpredictable emotion-
al events elicit stronger affective responses than do predictable
ones. Indeed, this has been demonstrated for various levels of
emotional responding, including self-reported mood, valence, or
pain intensity (Bar-Anan, Wilson, & Gilbert, 2009; Grupe &
Nitschke, 2011; Ploghaus et al., 2001; Yoshida, Seymour,
Koltzenburg, & Dolan, 2013) and autonomic reactivity (Grupe
&Nitschke, 2011). Similarly, functional magnetic resonance im-
aging (fMRI) studies have revealed increased uncertainty-related
activity in the amygdala and insula (Dunsmoor, Bandettini, &
Knight, 2008; Ploghaus et al., 2001; Sarinopoulos et al., 2010;
Yoshida et al., 2013), brain regions associated with the process-
ing of emotional salience (Davis & Whalen, 2001; Straube &
Miltner, 2011). Moreover, evidence from threat-of-shock para-
digms has suggested that uncertainty elicits defensive motiva-
tion, which is associated with increased physiological reactivity
and hypervigilance. For example, the startle reflex—a somatic
marker of defensive motivation (Lang, Bradley, & Cuthbert,
1992)—is enhanced during the anticipation of unpredictable as
compared to predictable shocks (Bradford, Shapiro, & Curtin,
2013; Grillon, Baas, Lissek, Smith, & Milstein, 2004; Hefner &
Curtin, 2012; Nelson & Shankman, 2011; Shankman,
Robison-Andrew, Nelson, Altman, & Campbell, 2011), and
fMRI research involving similar contrasts has indicated
sustained hyperactivity in attentional networks (Carlsson et al.,
2006; Hasler et al., 2007). Consistently, unpredictable threat of
shock facilitates early perceptual and attentional processing, even
with uncertainty-independent neutral stimuli (Baas, Milstein,
Donlevy, & Grillon, 2006; Cornwell et al., 2007; Nelson,
Hajcak, & Shankman, 2015; Shackman, Maxwell,
McMenamin, Greischar, & Davidson, 2011). Thus,
uncertainty-related defensive motivation is strongly tied to en-
hanced attentive stimulus processing, possibly aiming at threat
elimination.

However, it is still unclear how uncertainty affects atten-
tional allocation during target (i.e., Buncertainly cued targets^)
processing, especially with regard to its time course. Defensive
emotional responding, as indicated by fMRI and autonomic
measures (Grupe & Nitschke, 2011; Sarinopoulos et al., 2010;
Williams et al., 2015), implies that uncertainly cued targets
elicit sustained elaboration (Amrhein, Mühlberger, Pauli, &
Wiedemann, 2004; Cuthbert, Schupp, Bradley, Birbaumer, &
Lang, 2000; Liu, Huang, McGinnis-Deweese, Keil, & Ding,
2012), contrasting with the aforementioned early responses to
uncertainty-independent neutral stimuli (Baas et al., 2006;
Cornwell et al., 2007; Nelson et al., 2015; Shackman et al.,
2011). Therefore, we utilized event-related potentials (ERPs),
exploiting their excellent temporal resolution and sensitivity to
attentional processes, to investigate the uncertainty-related dy-
namics in attentional allocation and sustained stimulus elabo-
ration in a cued-picture paradigm (Grupe & Nitschke, 2011;
Sarinopoulos et al., 2010).

The anterior P2 is a fronto-central positive deflection
around 200 ms after stimulus presentation. As an indicator
of early selective attention, it has been shown to index feature
detection processes in nonaffective stimuli (Luck & Hillyard,
1994), but also to be enhanced for emotionally relevant pic-
tures (Carretié, Hinojosa, Martín-Loeches, Mercado, & Tapia,
2004; Carretié et al., 2013; Foti & Hajcak, 2008). The late
positive potential (LPP) is a centro-parietal slow wave begin-
ning in the P3 time window, around 300 ms after stimulus
presentation, that is more positive for motivationally salient
stimuli such as targets or emotional pictures (Cuthbert et al.,
2000; Schupp et al., 2000). This component has been consis-
tently shown to last throughout and beyond picture presenta-
tion (Codispoti, Mazzetti, & Bradley, 2009; Hajcak & Olvet,
2008). Furthermore, apart from the intrinsically arousing qual-
ity of emotional pictures, the LPP seems to be modulated by
cognit ive factors, such as working memory load
(MacNamara, Ferri, & Hajcak, 2011), target status
(Weinberg, Hilgard, Bartholow, & Hajcak, 2012), directed
attention (Hajcak, MacNamara, Foti, Ferri, & Keil, 2013),
and emotion regulation (Hajcak & Nieuwenhuis, 2006; Paul,
Simon, Kniesche, Kathmann, & Endrass, 2013). Although it
has been proposed that the LPP reflects interactions of
bottom-up attentional allocation and top-down sustained elab-
oration (Weinberg, Ferri, & Hajcak, 2013), previous research
suggested functional differences between earlier and later por-
tions of the LPP, with stronger top-down influences as stimu-
lus processing progresses (Foti & Hajcak, 2008; Hajcak &
Nieuwenhuis, 2006).

With respect to uncertainty processing, increased P2
and LPP amplitudes have been reported for uncertain cues
indicating potential threat, relative to certain cues indicat-
ing safety, in threat-of-shock designs (Baas, Kenemans,
Böcker, & Verbaten, 2002; Bublatzky & Schupp, 2012;
Weymar, Bradley, Hamm, & Lang, 2013). Larger P2 am-
plitudes were also observed for unpredictable than for
predictable fearful and neutral faces (Yang, Yuan, & Li,
2012). Furthermore, the later positive components (P3 and
LPP) have been shown to be sensitive to stimulus predict-
ability (Picton, 1992), and might therefore be responsive
to unpredictable picture valence. Importantly, it has been
suggested that the LPP is generated in the brain networks
associated with visual and emotional processing (Liu
et al., 2012; Sabatinelli, Keil, Frank, & Lang, 2013), in-
cluding regions that have been shown to be modulated by
uncertainty (Sarinopoulos et al., 2010; Williams et al.,
2015). Thus, we chose the P2 as an early, more phasic
indicator, and the LPP as a later indicator of sustained
attentional processing in the present study.

In this study, we investigated uncertainty-related threat
estimates and the dynamics of attentional processing
through the use of subjective ratings of event frequencies
and aversiveness as behavioral indices, as well as ERPs as
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psychophysiological measures of attentional dynamics.
Neutral and aversive pictures were preceded by cues in-
dicating whether the following picture was going to be
neutral, aversive, or unpredictably either of the two. For
the ERP measures, we hypothesized that picture-locked
P2 and LPP amplitudes would be increased for pictures
occurring after an uncertain, as compared to a certain,
cue. In line with previous research, we expected to find
expectancy and covariation biases, as indicated by
trial-by-trial expectancy ratings and postexperiment esti-
mates, respectively, exceeding the true frequency of aver-
sive pictures after the uncertain cue (50 %). Furthermore,
we expected more negative ratings of subjective valence
for aversive pictures under uncertainty.

Method

Sample

The sample size was determined through power analysis using
G*Power 3.1.5 (Faul, Erdfelder, Buchner, & Lang, 2009). Our
main contrast of interest pertained to the LPP response to
pictures in the certain versus the uncertain context, where we
intended to detect an effect size of d ~ 1.1 using a two-tailed
alpha level = .05 based on previous studies (Baas et al., 2002;
Weymar et al., 2013). Calculations indicated that this would
require 29 participants to achieve 80 % power. To ensure a
fully balanced cue–picture mapping (see the Task and
procedure section for details), we aimed to recruit 30 partici-
pants. Thirty-three individuals participated in this study, in-
cluding undergraduate psychology students and individuals
from the Berlin community recruited through virtual black-
boards. The data of three participants were excluded from
the analysis due to excessive sleepiness (n = 1) or
disregarding the instructions (n = 2)—that is, instead of
giving an expectancy rating (see the Task and procedure
section for details), they indicated their preferred subse-
quent picture valence. The final sample included 30 par-
ticipants (22 female, eight male) between 18 and 43 years
old (M = 25.6, SD = 7.8) that either had obtained or were
currently obtaining a university degree (years of educa-
tion: M = 12.6, SD = 0.75). All participants had normal
or corrected-to-normal vision. They gave informed con-
sent according to the Declaration of Helsinki and received
either course credit or €10 per hour for participation in
this study. The study protocol was approved by the local
ethics committee.

Stimulus material

We selected 54 aversive and 54 neutral pictures from
the International Affective Pictures System (IAPS;

Lang et al., 2008).1 According to normative ratings, the
aversive pictures were less pleasant (valence M = 2.80, SD =
.38) and more arousing (arousalM = 6.05, SD = 0.64) than the
neutral pictures (valence, M = 4.98, SD = 0.28; arousal, M =
2.80, SD = 0.55).We used white BO,^ BX,^ and B?^ characters
as cues. The pictures occupied 9.7° × 12.9°, and the cues 1.4°
× 1.4° of visual angle. All stimuli were presented on a black
background.

Task and procedure

The subjects completed a cued passive picture-viewing task.
As can be seen in Fig. 1, on each trial, one of three cues was
presented for 2,000 ms. Whereas BO^ or BX^ indicated cer-
tainly neutral or aversive images, respectively, a question
mark (B?^) signaled that either a neutral or an aversive picture
would unpredictably follow. After each cue, subjects indicated
their expectancy of the type of the following picture. On this
scale, 0 indicated that they expected a neutral picture to follow
with absolute certainty (labeled: definitely neutral), and 100
indicated that they expected an aversive picture with absolute
certainty (labeled: definitely negative). These data are referred
to as the trial-by-trial expectancy ratings. After an interstim-
ulus interval (ISI; mean duration = 3,000 ms, range = 1,000 to
5,000 ms) featuring a black screen and a white fixation cross
in the center, an IAPS picture was presented for 2,000 ms.
Another ISI (mean duration = 2,000 ms, range = 1,000 to 3,
000 ms) preceded a rating, in which subjects indicated their
subjective valence after viewing the picture using a
self-assessment manikin (Bradley & Lang, 1994), ranging
from –4 (labeled: very bad) to 4 (labeled: very good). Both
the expectancy and valence rating prompts were presented
until response onset (using a computer mouse), but for a min-
imum of 3,000 ms. The intertrial intervals ranged from 1,000
to 5,000 ms (mean duration = 3,000 ms).

The task consisted of 108 trials presented in six blocks of
18 trials each, and took approximately 30 min to complete.
Neutral and aversive pictures appeared equiprobably across
the entire task (each individual picture was presented only
once). Whereas the aversive and neutral cues were always
followed by the respective picture type (certain-aversive and
certain-neutral conditions, N = 36 trials each), the uncertain

1 The following IAPS pictures were used in this study: aversive: 2691,
2811, 3181, 3350, 3500, 3530, 3550_1, 6212, 6230, 6231, 6243, 6250,
6260, 6263, 6312, 6313, 6315, 6350, 6360, 6370, 6510, 6530, 6540,
6550, 6560, 6563, 6570, 6831, 6838, 8485, 9050, 9120, 9250, 9252,
9265, 9413, 9414, 9420, 9421, 9425, 9433, 9500, 9600, 9620, 9623,
9630, 9635_1, 9902, 9908, 9910, 9911, 9920, and 9921; neutral: 2880,
5390, 5395, 5500, 5510, 5520, 5530, 5533, 5534, 5535, 5740, 6150,
7000, 7003, 7004, 7006, 7009, 7010, 7012, 7017, 7025, 7026, 7031,
7043, 7035, 7040, 7041, 7050, 7053, 7059, 7080, 7090, 7100, 7130,
7150, 7161, 7170, 7175, 7185, 7186, 7190, 7205, 7207, 7211, 7217,
7224, 7233, 7235, 7490, 7491, 7500, 7595, 7705, and 7950.
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cue was followed on half of the trials by an aversive picture
(uncertain-aversive condition, N = 18 trials) and on the re-
maining trials by a neutral picture (uncertain-neutral condi-
tion, N = 18 trials). Subjects were explicitly instructed about
the predictive values of the certain cues, but they were only
told that the uncertain cue would be followed by either a
neutral or an aversive picture, without telling the exact con-
tingencies. To ensure equally valenced and arousing images in
the certain and uncertain trials, we divided both the neutral
and the aversive picture sets into three subsets of 18 that did
not vary with respect to normative valence and arousal ratings
(all Fs ≤ 1.05, all ps > .35). For each subject, we assigned
two neutral subsets to the certain-neutral cue, two aver-
sive subsets to the certain-aversive cue, and one of each to
the uncertain cue. This procedure was balanced across
subjects. The order of picture presentation was random-
ized, but never were more than two cues of the same
category presented in a row.

The task was performed in a dimly lit, air-conditioned,
and electrically shielded room, where participants were
seated in front of a 19-in. screen at a viewing distance
of 85 cm. After the task, subjects estimated the percentage
of uncertain cues that were followed by an aversive pic-
ture. This was again accomplished on a scale ranging
from 0 to 100. These data are referred to as the
postexperiment estimates (cf. Grupe & Nitschke, 2011).

Electroencephalogram (EEG) recording and data
reduction

During the task, an EEG was continuously recorded with Ag/
AgCl electrodes from 60 sites from a concentric and equidis-
tant EasyCap montage (Easycap GmbH, Breitbrunn,
Germany), as well as from four external positions: approxi-
mately 2 cm below each eye, the nasion, and the neck. The
impedances of all electrodes were kept below 5 kΩ. All elec-
trodes were referenced to Cz, and an electrode attached to the
right cheek served as the ground electrode. The EEG was
amplified with two 32-channel BrainAmp amplifiers (Brain
Products GmbH, Munich, Germany) at a digitization rate of
250 Hz using a band-pass filter of 0.01–500 Hz.

We conducted offline analyses using the BrainVision
Analyzer 2.0 software package (Brain Products GmbH,
Munich, Germany). The raw data were re-referenced to a
computed average of T9 and T10 recordings, after ocular ar-
tifacts were removed utilizing the multiple-source eye correc-
tion method (i.e., the Surrogate Method; Berg & Scherg,
1994) in BESA 6.0 (Brain Electrical Source Analysis;
MEGIS Software GmbH, Gräfeling, Germany). Since the
LPP is a broadly distributed component, we pooled six
centro-parietal electrodes—CP1, CP2, CPz, P1, P2, and
Pz—where valence effects were most strongly pronounced.
For the P2, we pooled six fronto-central electrodes—FC1,

Fig. 1 Schematic display of the trial sequence, with the three cue conditions displayed in separate columns.
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FC2, FCz, F1, F2, and Fz—on the basis of visual inspection.
After digital band-pass filtering with Butterworth zero-phase
filters between 0.1 Hz (time constant 1.59 s) and 30 Hz
(half-power frequencies, slopes: 24 dB/octave), we created
trial-based epochs between –200 and 2,000 ms relative to
the picture onsets. Single-trial epochs with artifacts including
voltage steps per sampling point exceeding 50μV, absolute
amplitude differences exceeding 300μVwithin a 200-ms win-
dow, or low activity with voltage changes of less than 0.5μV
within a 100-ms window were automatically excluded from
further analyses. We applied a baseline correction using the
200-ms prestimulus window and calculated individual
picture-locked averages for each cue–picture combination (cer-
tain neutral, certain aversive, uncertain neutral, and uncertain
aversive). The mean numbers of trials included in the averages
(with standard deviation; and percentage of excluded trials)
were 35.0 (2.1; 2.7 %) for certain-neutral, 35.2 (1.2; 2.3 %)
for certain-aversive, 17.8 (0.6; 1.1 %) for uncertain-neutral,
and 17.7 (0.7; 1.7 %) for uncertain-aversive trials. To account
for the potentially differential influences of bottom-up and
top-down processes on attentional allocation, we extracted
the mean amplitudes of the picture-locked LPP in the 400- to
1,000-ms (early LPP) and 1,000- to 2,000-ms (late LPP) time
windows. For the P2, we first determined the most positive
peak in the 140- to 200-ms time window, and then extracted
means around this peak (±30 ms).

Statistical analyses

To assess expectancy and covariation biases, the mean
trial-by-trial expectancy ratings and the postexperiment
estimates, respectively, were subjected to one-sample t -
tests to examine whether they exceeded 50 (true frequency
of the aversive pictures). The critical p value for these
one-sided tests was set to p = .025. To estimate
uncertainty-induced modulations of self-reported emotion-
al responding, a two-way repeated measures analysis of
variance (ANOVA) was conducted on the ratings of sub-
jective valence, with Valence (neutral, aversive) and
Certainty (certain, uncertain) as within-subjects factors.
Two -way r epea t ed mea su r e s ANOVAs on the
picture-locked P2 amplitudes with Valence (neutral, aver-
sive) and Certainty (certain, uncertain) as within-subjects
factors served to assess uncertainty-related modulation in
early attention. For effects on sustained processing, we
analyzed the LPP amplitudes with a three-way repeated
measures ANOVA using Valence (neutral, aversive),
Certainty (certain, uncertain), and Time Window (early,
late) as within-subjects factors. Significant interactions
were followed up by post-hoc t tests using Bonferroni cor-
rection. Effect sizes are provided as partial eta-squared
(ηp

2) for F tests and as Cohen’s d for t tests.

Results

Behavioral data

Expectancy ratings after the certain-neutral (M = 0.45, SD =
1.52) and certain-aversive (M = 99.46, SD = 1.90) cues indi-
cated that their predictive function was reliably identified.
One-sample t tests comparing the trial-by-trial expectancy rat-
ings after the uncertain cue and the postexperiment estimates
with the true frequency of 50 % revealed that participants
overexpected aversive pictures, t(29) = 2.75, p = .019, d =
0.45 (M = 52.99, SD = 6.61), and overestimated the overall
frequency of aversive pictures, t(29) = 2.66, p = .013, d = 0.48
(M = 56.70, SD = 13.88).

A 2 (Valence) × 2 (Certainty) repeated measures ANOVA
on the subjective valence ratings yielded a significant main
effect of valence, F(1, 29) = 185.11, p < .001, ηp

2 = .87,
indicating that subjective valence was more negative after
aversive pictures. However, we found no significant certainty
effect, F(1, 29) = 2.727, p = .109, ηp

2 = .09, and no interaction
of valence and certainty, F(1, 29) = 1.45, p = .239, ηp

2 = .05. A
post-hoc test comparing valence ratings for the certain and
uncertain aversive pictures reached trend level, t(29) = 1.74,
p = .093, d = 0.17, indicating a tendency for more negative
valence ratings after the uncertain cue. Ratings for neutral
pictures did not differ between the certainty conditions, t(29)
= 0.09, p = .93, d < 0.01).

Picture-locked P2 and LPP

Figure 22 displays picture-locked P2 and LPP waveforms and
topographies. The 2 (Valence) × 2 (Certainty) repeated mea-
sures ANOVA on the picture-locked P2 amplitudes yielded a
significant main effect of certainty, F(1, 29) = 7.72, p = .009,
ηp

2 = .21, indicating that P2 amplitudes were more positive for
pictures after uncertain than after certain cues. P2 amplitudes
did not differ with respect to valence, F(1, 29) = 0.05, p =
.827, ηp

2 = .002, nor was there an interaction, F(1, 29) = 0.03,
p = .866, ηp

2 = .001. The 2 (Valence) × 2 (Certainty) × 2 (Time
Window) repeated measures ANOVA on the picture-locked
LPPs yielded a significant main effect of valence, F(1, 29) =
27.85, p < .001, ηp

2 = .49, indicating that LPP amplitudes were
more positive for aversive than for neutral pictures.

2 As can be seen in Fig. 2A, uncertain trials already evidence a more
positive deflection before the P2 time window, especially in the 0- to
80-ms interval. However, attempts to eliminate this striking deviation
by applying different high-pass filters remained unsuccessful. In order
to nevertheless establish that the P2 effects reported here are indeed spe-
cific to the P2 interval, we additionally compared the certain and uncer-
tain trials in successive 30-ms bins starting after stimulus onset. These
additional processing steps and analyses are detailed in the supplementary
materials.
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Importantly, we also observed a significant main effect of
certainty, F(1, 29) = 22.42, p < .001, ηp

2 = .44, indicating that
LPP amplitudesweremore positive for pictures after uncertain
cues. The certainty effect was modulated by picture valence,
as certainty significantly interacted with valence, F(1, 29) =
4.61, p = .040, ηp

2 = .14, and it varied over time, as was
revealed by a significant interaction of certainty with time,
F(1, 29) = 8.23, p = .008, ηp

2 = .22. Post-hoc tests showed
that the certainty effect was slightly diminished, but still
significant, for aversive pictures (neutral: p < .001, d =
0.86; aversive: p = .010, d = 0.39) and in the late time
window (early: p < .001, d = 0.66; late: p = .002, d =
0.54). No further main effects or interactions reached sig-
nificance, ps > .26, ηp

2s < .05.

Discussion

In this study, we examined negativity bias and dynamics in
attentional allocation under uncertainty about potential threat.
In line with previous studies, we found expectancy and co-
variation biases; that is, participants overestimated the fre-
quency of aversive pictures under uncertainty, as well as
showed a tendency for more negative subjective valences in
response to aversive pictures following uncertain than follow-
ing certain cues. At the electrophysiological level, we ob-
served that picture-locked P2 and LPP amplitudes showed a
significant increase for stimuli presented after uncertain rela-
tive to certain cues. For the LPP, this effect persisted through-
out stimulus presentation. Whereas the P2 was selectively

Fig. 2 Display of the certainty effect, indicated by P2 and late positive
potential (LPP) amplitudes. (A) Picture-locked event-related potential
(ERP) waveforms averaged at FC1, FC2, FCz, F1, F2, and Fz for
certain-neutral, certain-aversive, uncertain-neutral, and uncertain-
aversive trials. (B) Topographic maps displaying voltage differences in
the 150- to 210-ms time range between uncertain-aversive and certain-
aversive trials (left), and between uncertain-neutral and certain-neutral

trials (right). (C) Picture-locked ERP waveforms averaged at CP1, CP2,
CPz, P1, P2, and Pz for certain-neutral, certain-aversive, uncertain-
neutral, and uncertain-aversive trials. The data were low-pass-filtered at
8 Hz for viewing purposes only. (D) Topographic maps displaying
voltage differences between uncertain-aversive and certain-aversive trials
(left) and between uncertain-neutral and certain-neutral trials (right) in the
400- to 1,000-ms (top) and the 1,000- to 2,000-ms (bottom) time ranges.
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responsive to uncertainty, additive effects of uncertainty and
valence were observed for the LPP, with larger amplitudes
occurring for pictures presented after uncertain cues and for
aversive pictures. Furthermore, the uncertainty effect in the
LPP was more pronounced in response to neutral pictures.

As hypothesized, we observed larger P2 and LPP ampli-
tudes for pictures after uncertain than after certain cues. The
effect on P2 amplitudes extends previous research (Grupe &
Nitschke, 2011; Sarinopoulos et al., 2010) by suggesting that
uncertainly cued targets already enhance early selective atten-
tion. A similar P2 amplitude increase was observed for faces
without versus with cued valence (Yang et al., 2012).
Furthermore, increased attention continued during the LPP
interval. This elucidates important differences between the
attentional dynamics to uncertainly cued targets, which we
examined here, and stimuli encountered under conditions of
unpredictable threat but otherwise noninformative about and
unrelated to uncertainty. The latter stimuli tend to elicit an
attentional response characterized by increased early and de-
creased later resource allocation (Baas et al., 2006; Cornwell
et al., 2007; Nelson et al., 2015; Shackman et al., 2011), which
has been interpreted as rapid stimulus discrimination—facili-
tating the resolution of uncertainty—but subsequent disen-
gagement after categorizing a stimulus as irrelevant to
impending threat. Contrarily, as we presently observed, the
uncertainty-related LPP does not normalize during the presen-
tation of uncertainly cued targets, reflecting a sustained atten-
tional response that is unlikely to facilitate the resolution of
uncertainty through valence discrimination. Hence, prolonged
picture engagement suggests that targets remain highly rele-
vant (Ferrari, Codispoti, Cardinale, & Bradley, 2008; Schupp
et al., 2007; Weinberg et al., 2012) and that additional atten-
tional resources—facilitated by uncertainty-related defensive
engagement—are fully deployed to serve not only early ex-
amination, but also higher-level cognitive processing (Dolcos
& Cabeza, 2002; Koenig &Mecklinger, 2008). The increased
attentional resources under uncertainty appear to be flexibly
deployed—that is, persistently allocated or rapidly redirected,
according to circumstantial demands.

Another key finding of the present study is that picture type
modulated uncertainty-related increases in attention as a func-
tion of processing stage. Interestingly, P2 amplitudes were
affected by uncertainty only, which contrasts with previously
reported modulations by highly arousing stimuli (Carretié
et al., 2004; Carretié et al., 2013; Foti & Hajcak, 2008).
Apparently, the uncertainty-induced increase in early atten-
tional capture cannot be further modulated by selective pro-
cessing of neutral and aversive stimuli. Moreover, whereas
picture type did affect later attentional processing, as could
be expected (Cuthbert et al., 2000; Schupp et al., 2000;
Weinberg & Hajcak, 2010), uncertainty continuously evoked
additional resource allocation. However, while this increase in
attention was not specific to picture type, suggesting a

generally enhanced attentional response to uncertainly cued
targets, the LPP was more pronounced for neutral pictures.
This might reflect a ceiling effect, with certain aversive pic-
tures already capturing a considerable amount of attentional
resources and leaving less room for uncertainty-related mod-
ulations thanwas available with certain neutral pictures, which
were associated with relatively low attentional capture. One
way to test this hypothesis in the future would be to contrast
pictures of low (e.g., animal threat) and high (e.g., mutilations)
arousal—the latter of which elicit higher LPP amplitudes
(Weinberg & Hajcak, 2010)—and compare the increases in
LPP amplitude under uncertainty. Alternatively, in the context
of behaviorally observed overestimation of threat, this might
indicate that targets estimated as being less likely to occur are
o f spec i a l i n t e r e s t and more in t ense ly r e c ru i t
uncertainty-related processing. As such, ongoing elaboration
of neutral targets that deviate from expectation may reflect
continued monitoring for threat. This interpretation implies
another significant aspect of uncertainty-related attentional dy-
namics: Attentional allocation driven by uncertainty-induced
defensive motivation does not seem to simply constitute an
amplified effect of the arousing, attention-grabbing properties
inherent to emotional stimuli, but rather appears to operate
independently.

However, on this note, it should be pointed out that the
presently used stimuli not only differed in valence, but also
in arousal. High arousal is common to both negative and pos-
itive pictures (Bradley, Codispoti, Cuthbert, & Lang, 2001;
Lang, 1995) and is well-known to drive attention, as indicated
by the LPP (Cuthbert et al., 2000; Schupp et al., 2000; Schupp
et al., 2007; Weinberg & Hajcak, 2010), thus reflecting a po-
tential confound and limiting interpretation of the present data.
Indeed, although a magnetoencephalography (MEG) study
contrasting negative and positive pictures reported increased
neural responses only to uncertain aversive pictures (Onoda
et al., 2006)—implying the involvement of a threat-specific
component that we were unable to capture—uncertainty may
also affect the emotional processing of pleasant stimuli
(Bar-Anan et al., 2009). Therefore, additionally including pos-
itive material in the future would contribute to disentangling
valence- and arousal-related effects on attention under
uncertainty.

Our results are inconsistent with a study that failed to reveal
uncertainty-related modulations of the LPP in individuals
reporting low intolerance of uncertainty (IU), but did show
decreased LPPs specifically for uncertain aversive stimuli in
individuals reporting high IU (Gole, Schäfer, & Schienle,
2012). However, although a cueing procedure similar to ours
was implemented in that study, the participants were explicitly
informed that the neutral and aversive pictures occurred
equiprobably after uncertain cues. Since IU is associated with
increased sensitivity and negative emotion toward uncertainty
(Gentes & Ruscio, 2011), this information might have failed
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to induce sufficient subjective uncertainty, and thus reduced
uncertainty-related processes in low-IU individuals. In fact,
the lack of any knowledge about the contingencies related to
the uncertain cue in the present study may have been an im-
portant factor driving attentional allocation. However, the se-
lective avoidance of uncertain threat in high-IU individuals in
the Gole et al. study highlights the impact of interindividual
differences on uncertainty processing and warrants investiga-
tions of patient groups characterized by high IU (Mahoney &
McEvoy, 2012; McEvoy & Mahoney, 2012).

We also found a tendency for more negative valence ratings
after aversive pictures following uncertain rather than certain
cues, consistent with previous reports (Grupe & Nitschke,
2011; Yoshida et al., 2013). Although a larger sample might
have shown this more robustly, another possible explanation
for this relatively weak effect is that the stimulus materials
used in our study may not have been aversive enough to elicit
a strong uncertainty-related bias. For example, Wiemer and
colleagues (2014) demonstrated that expectancy and covaria-
tion biases can be affected by an outcome’s aversiveness.
Whereas we presented IAPS pictures of moderate aversive-
ness, Grupe and Nitschke (2011) included pictures of the most
aversive kind, and Yoshida and colleagues (2013) used nox-
ious thermal stimuli. Future research should address this issue
by contrasting stimuli of moderate and high aversiveness.

Uncertainty-related expectancy and covariation biases are
consistent with previous work (Grupe & Nitschke, 2011;
Sarinopoulos et al., 2010; Wiemer et al., 2014). Evidently,
unpredictable threat elicits persistent tendencies to perceive
illusory correlations between otherwise emotionally neutral
cues of low informative value and aversive consequences.
Importantly, both biases have been shown to be associated
with sta te anxiety (Wiemer et a l . , 2014) . Since
uncertainty-related defensive motivation has been tied to
sustained states of anxiety (Davis et al., 2010; Grillon,
2008), the presently observed biases suggest that our partici-
pants may, indeed, have engaged a defensive state under
uncertainty.

A limitation of the present work pertains to the cues. Due to
the use of a question mark as an easily accessible marker for
uncertainty, the cueing stimuli were not balanced across con-
ditions. Thus, whereas uncertainty-related attentional and an-
ticipatory modulations have been shown with respect to cue
processing (Bublatzky & Schupp, 2012; Herwig,
Kaffenberger, Baumgartner, & Jancke, 2007; Sarinopoulos
et al., 2010; Weymar et al., 2013; Williams et al., 2015), we
could not validly separate effects resulting from the predictive
functions and perceptual features of the currently used cues. In
fact, a subsequent control study showed similar P2 and LPP
effects when the same stimuli were used for a matching task
(see the supplementary materials for details). Lastly, the un-
certain conditions included relatively few trials (N = 18).
Although the LPP appears to be robustly measurable with

even fewer epochs (Moran, Jendrusina, & Moser, 2013), fu-
ture studies should increase the number of trials in order to
ensure sufficient signal-to-noise ratios.

In sum, we add to the literature by elucidating
uncertainty-related modulations in attentional dynamics.
Threat uncertainty context was associated with negatively bi-
ased threat estimates and resulted in increased early attentional
capture and late top-down allocation of attention to pictures.
This later effect was stronger for neutral pictures, and thus
went contrary to the effects of picture valence, showing that
separable processing mechanisms were at work.
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