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Abstract

Attention helps us to be aware of the external world, and this may be especially important when a threat stimulus predicts an aversive
outcome. Electroencephalogram (EEG) alpha-band suppression has long been considered as a neural signature of attentional engage-
ment. The present study was designed to test whether attentional engagement, as indexed by alpha-band suppression, is increased
in a sustained manner following a conditioned stimulus (CS) that is paired with an aversive (CS+) vs neutral (CS−) outcome. We tested
70 healthy young adults in aversive conditioning and extinction paradigms. One of three colored circles served as the CS+, which was
paired in 50% of the trials with a noise burst (unconditioned stimulus, US). The other colored circles (CS−) were never pairedwith the US.
For conditioning, we found greater alpha-band suppression for the CS+ compared to the CS−; this suppression was sustained through
the time of the predicted US. This effect was significantly reduced for extinction. These results indicate that conditioned threat stimuli
trigger an increase in attentional engagement as subjects monitor the environment for the predicted aversive stimulus. Moreover, this
alpha-band suppression effectmay be valuable for future studies examining normal or pathological increases in attentionalmonitoring
following threat stimuli.
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Introduction
To survive, organisms must learn that some stimuli predict an
increased probability of an aversive event (e.g. a honking horn
predicts an increased probability of a collision). These predic-
tors can be considered threat stimuli. The evaluation of threat
involves changes in cognitive and affective states together with a
set of behavioral and physiological reactions (Grupe andNitschke,
2013). A better understanding of how humans process threat
stimuli will be important for understanding both normal human
emotional processing and disorders involving dysregulated threat
responses (e.g. anxiety and trauma-related disorders).

Attention appears to play an important role in threat process-
ing. At least two distinct roles of attention can be considered.
First, threat stimuli appear to attract attention, presumably so
that they can be more readily identified and influence behav-
ior. Second, because threat stimuli predict the possibility of a
subsequent aversive event, they may lead to an increase in atten-
tive monitoring of the external environment and a reduction in
internally focused processing.

Substantial evidence supports the role of attention in identify-
ing threats. Using behavioral measures, numerous studies have

reported increased allocation of attention to threat-related stim-

uli compared to neutral stimuli. For example, research using the

emotional Stroop task has found longer reaction times and higher
error rates for aversive vs neutral stimuli, consistent with an auto-

matic attentional allocation to the emotional stimuli that hinders
cognitive control (Wingenfeld et al., 2006; Bielecki et al., 2017).
Other research using the dot-probe task has found that anxious
individuals show facilitated detection of a probe dot when pre-

sented at the location of an aversive image compared to when it is

presented at the location of a neutral image. However, dot-probe
studies with healthy individuals have yielded inconsistent results
(MacLeod et al., 1986; MacLeod and Mathews, 1991; Oehlberg and
Mineka, 2011; Grafton and MacLeod, 2014).

Event-related potentials (ERPs) studies have also provided evi-
dence that threat stimuli attract attention. For example, threat
stimuli elicit an enhanced early posterior negativity (EPN), start-
ing as early as 200ms after stimulus onset (Schupp et al., 2003).
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Other research has found threat-related modulation at later
stages, for example the late positive potential (LPP), suggesting
greater attentional processing for aversive stimuli relative to neu-
tral stimuli (Dieterich et al., 2016). Similarly, research combining
ERPs and the dot-probe task in nonclinical samples found that
threatening images attract visual-spatial attention, as measured
via the N2pc component (Kappenman et al., 2015). Research has
also found increased N2pc to angry faces in participants with
social anxiety traits (Reutter et al., 2017; Wieser et al., 2018). In
addition, research with socially anxious individuals has found
increased attentional engagement for threatening faces as mea-
sured via steady-state visual evoked potentials (Wieser et al.,
2012). There is also evidence that a threat stimulus leads to
increased attentiveness to the external environment in prepa-
ration for the predicted aversive stimulus. For example, a cue
stimulus produces increased attentional engagement during a
subsequent delay period if the cue predicts an aversive outcome,
as shown by studies using the stimulus preceding negativity (SPN)
(Bocker et al., 2001).

Many studies of threat processing use stimuli such as pho-
tographs of snakes or angry faces, but better experimental control
over the stimuli can be achieved by using aversive conditioning
procedures. In these paradigms, a previously neutral stimulus
such as an image or sound (the ‘conditioned stimulus’; CS) is
pairedwith an intrinsically aversive stimulus, such as a loud noise
or mild electrical shock (the ‘unconditioned stimulus’; US). Thus,
the conditioning procedure turns an ordinarily neutral stimulus
into a threat stimulus. This makes it possible to experimentally
manipulate whether a given physical stimulus is neutral or asso-
ciated with an aversive outcome. It also avoids the fact that some
natural images (e.g. snakes) will be highly aversive to some indi-
viduals but not aversive to others (e.g. people who have snakes as
pets).

Behavioral conditioning studies have found that an aversive
CS will automatically capture and hold attention (Koster et al.,
2004). Using magnetoencephalography, Moratti et al. (2006) found
increased steady-state evoked fields potentials to CS+ vs CS−
stimuli, and Kappenman et al. (2021) found that CS+ stimuli elicit
an N2pc component, thus showing that attentional processing
is increased for conditioned threat stimuli (Moratti et al., 2006;
Kappenman et al., 2021). It has even been proposed that enhanced
attentional processing of the CS+ can occur before 100ms post-
stimulus onset in primary visual cortex (Stolarova et al., 2006). In
a previous study, we found increased attentional engagement for
threat-related stimuli via measuring the LPP component of the
ERP, showing greater LPP amplitude for the CS+ vs the CS− stim-
uli in an aversive conditioning paradigm (Bacigalupo and Luck,
2018). Similarly, Ferreira de Sa et al. (2019) found greater EPN, LPP
and SPN amplitudes for CS+ vs CS− stimuli. All these results are
consistent with a transient allocation of attention to conditioned
threat stimuli, which presumably aids in the appraisal of these
stimuli (Ferreira de Sa et al., 2019). However, it is not clear from
these relatively brief electrophysiological effects whether the
threat stimulus (the CS+) leads to sustained attentional engage-
ment on the external environment as the subject awaits the
predicted aversive stimulus (the US). EEG oscillations in the alpha
band (8–12Hz) are particularly well-suited for examining this kind
of sustained anticipatory attention. As demonstrated in the foun-
dational studies of Berger (1929) and Adrian and Matthews (1934),
alpha-band amplitude increases when attention is unfocused or
internally focused (e.g. when the eyes are closed) and decreases
when attention is engaged on stimuli in the external environment
(e.g. when the eyes are open, especially if attention is focused on

a specific object) (Berger, 1929; Adrian and Matthews, 1934). More
recent studies have shown that alpha-band activity is modulated
in a sustained manner following a cue that predicts a subsequent
target (Worden et al., 2000). In addition, alpha-band oscillations
have been linked to a wide range of attention-related processes,
including visual target selection, distractor inhibition, mind wan-
dering and awareness (Klimesch et al., 2007; Harris et al., 2018;
Bacigalupo and Luck, 2019; Compton et al., 2019). Alpha-band
suppression has been shown to be related to heightened atten-
tional engagement (Klimesch et al., 2001; Heyselaar et al., 2018;
Minarik et al., 2018; Gallotto et al., 2020), and it is also accom-
panied by increased cortical excitability (Klimesch et al., 2007;
Bollimunta et al., 2008, 2011). Like the N2pc component, alpha-
band suppression may be lateralized with respect to the attended
location. However, alpha-band suppression can be experimen-
tally dissociated from the N2pc and lasts much longer, suggesting
that alpha-band suppression represents an independent and sus-
tained attentional process (Bacigalupo and Luck, 2019). Indeed,
alpha-band EEG activity may be sustained throughout the delay
period of a workingmemory task (Foster et al., 2016; Bae and Luck,
2019; de Vries et al., 2019). In addition, it has been well estab-
lished that the alpha rhythm is generated via recurrent feedback
between the cerebral cortex and the thalamus (Lopes da Silva
et al., 1980; Chatila et al., 1993; Liu et al., 2012). Thus, alpha-
band suppression is a well-validated and well-understood index
of sustained attentional engagement.

It therefore seems natural that alpha-band suppression could
be used to study the allocation of attention to threat stimuli
and the subsequent sustained engagement of attention on the
external environment. However, there has been limited empirical
research on alpha-band suppression during aversive conditioning
(Chien et al., 2017; Panitz et al., 2019; Friedl and Keil, 2020, 2021;
Yin et al., 2020). An initial exploratory study using a trace condi-
tioning procedure—which included only seven participants and
examined a wide range of oscillation frequencies and electrode
sites—found evidence of greater alpha-band suppression follow-
ing a CS+ than a CS− (Chien et al., 2017). This basic effect was
replicated in four subsequent studies that used more complex
designs and tested more detailed hypotheses (Panitz et al., 2019;
Friedl and Keil, 2020, 2021; Yin et al., 2020). These studies showed
that the conditioning persisted for at least 24h (Panitz et al., 2019),
that it was accompanied by changes in the sparseness of func-
tional magnetic resonance imaging signals in the primary visual
cortex (Yin et al., 2020) and that it showed a gradual generalization
gradient around the location and spatial frequency of the CS+
(Friedl and Keil, 2020, 2021).

However, these studies did not provide a detailed examina-
tion of the time course of the alpha-band suppression following
the onset of the CS. For example, does the CS+ elicit a brief
suppression of alpha-band activity as the participant orients to
and appraises the stimulus or is the alpha-band suppression
sustained as long as the CS+ is visible? This is a fundamental
question about the allocation of attention to conditioned threat
stimuli. Although the previous studies provided some evidence
of a more sustained response, they either used a brief interval
between CS+ and US or did not provide a detailed analysis of
the entire CS+ period. The primary goal of the present study was
therefore to provide a more focused test of competing hypotheses
about the duration of the suppression effect (i.e. a brief orienting
of attention vs a sustained allocation of attention). In addition,
because the US was presented at a predictable time relative to
CS+ onset but appeared on only 50% of the CS+ trials, we were
able to ask whether the alpha-band suppression terminated as
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soon as it became clear that no US was going to occur or whether
the suppression lasted until the offset of the CS+ (indicating
sustained vigilance to the CS+ itself).

A secondary goal was to provide a solid foundation for future
research on alpha-band suppression and aversive conditioning
by providing a detailed description of the conditioning effects
with a very simple conditioning paradigm and a large sample size
(N=70). This included a comparison of the alpha-band effectwith
a peripheral nervous systemmeasure that is widely used to study
aversive conditioning, the skin conductance response (Ohman
et al., 1976; Kirsch and Boucsein, 1994; Marin et al., 2017).

Methods
The present study consisted of a reanalysis of data from a pre-
vious publication (Bacigalupo and Luck, 2018). The participants,
stimuli, task and EEG preprocessing methods are described in
detail in that paper. Here, we provide an overview of those meth-
ods and a detailed description of the time–frequency (TF)methods
we used to quantify the alpha-band EEG activity.

Participants
Seventy young adults (49 females, 18–29 years with a mean age of
21), with no history of neurological or psychiatric conditions par-
ticipated in this study. All volunteers signed an informed consent
form before their participation, and the study was approved by
the UC Davis Institutional Review Board.

Stimuli and task
The experimental procedure consisted of a discriminative aver-
sive conditioning paradigm with three phases: (i) habituation, (ii)
aversive conditioning and (iii) extinction. In all three phases, par-
ticipants were seated 100 cm from a liquid crystal displaymonitor
with a black background and a continuously visible fixation point
at the center. In each phase, the participants passively viewed a
sequence of trials inwhich a circle (1.3◦) was presented in the cen-
ter of the screen. Each stimulus was presented for a duration of
4 s, and an inter-trial interval with random duration between 10
and 12 s occurred between successive stimuli. A photodiode was
used measure the monitor delay (8ms), and the stimulus event
code times were shifted accordingly prior to data analysis.

Habituation phase
During the habituation phase, the stimuluswas a gray (15 cd/cm2)
circle which was presented for a total of eight trials. Participants
were told to relax and pay attention to the stimuli. The habitua-
tion phase is a common procedure that helps to ensure that par-
ticipants understand the experimental procedures together with
preventing novelty related EEG and skin conductance responses
(SCRs) which could contaminate the data during the conditioning
phase (Lonsdorf et al., 2017). The data from this phase were not
analyzed.

Aversive conditioning phase
The aversive conditioning phase was divided into three sepa-
rate blocks of trials. For each participant, one of three colors
(blue, green or yellow) was randomly chosen as the CS (CS+),
being paired with the US (a 100dB white noise burst) with a par-
tial reinforcement rate of 50%. The other two colors were never
paired with the US (CS−). The CS+ and CS− colors were randomly
assigned for each participant at the beginning of the experimental
session and were maintained throughout the entire experimental
session. Thus, the CS+ and CS− colors were constant for a given

Fig. 1. Aversive conditioning procedure. For each participant, one color
was randomly chosen as the conditioned stimulus (CS+; A and B),
whereas the other two colors (CS−) were never paired with the US (C and
D). The US consisted of a 1500ms 100dB white noise burst. The US was
presented on 50% of CS+ trials (denoted CS+US+ trials), beginning
2500ms after CS+ onset and co-terminating with the CS+ (A). No US
was presented on the other 50% of CS+ trials (denoted CS+US− trials)
(B). Adapted from Bacigalupo and Luck (2018).

participant but varied across participants. The CS+ color was blue
in 24 participants, green in 24 participants and yellow in 22 par-
ticipants. The stimulus luminance was 15 cd/cm2. The US was
presented through two speakers starting 2.5 s after CS+ onset,
and it lasted for 1.5 s, co-terminating with the CS+ (Figure 1).

Each block consisted of 32 trials: 8 CS+ paired with US
(CS+US+), 8 CS+ without US (CS+US−) and 16 CS−. The stimuli
were presented in pseudorandom order with the constraints that
on each block the first three stimuli were CS+US+ and that there
could not be more than two trials of the same color in a row. Par-
ticipants were told that only one color would be associated with
the noise and that they had to passively attend and determine if
there was a relationship between a specific color and the US.

After each aversive conditioning block, the participants used a
5-point scale to report the US likelihood for each color (1= ‘sure
no noise’, 3= ‘unsure’ and 5= ‘sure noise’). Each block of the
conditioning phase was followed by a period of approximately
40min. During this period, participants performed an unrelated
visual search task without any aversive stimuli (for details, see
Bacigalupo and Luck, 2018). This makes the conditioning pro-
cedure a little more like the real world, in which episodes of
conditioning may be separated by periods in which an individual
is engaged in other activities.

Extinction
The extinction phase consisted in the presentation of the same-
colored circles shown in the conditioning phase, but without the
US. In this phase, 6 trials per color were presented in random
order, with the constraint that a given color could appear nomore
than twice in succession (18 trials total). Participants were told
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Fig. 2. Frequency distribution of the subjective rating of the likelihood of
noise for the CS+ and CS− colors, assessed at the end of block 1 (A),
block 2 (B) and block 3 (C). Each bar shows the number of participants
who gave a given rating during that block. For example, almost all 66
participants gave a rating of ‘1’ for the CS− in each block, so the bar for
CS− has a value of nearly 66 for every block. For the CS+, most
participants gave a rating of ‘4’, but a substantial number gave ratings
of ‘3’ or ‘5’. Adapted from Bacigalupo and Luck (2018).

that no noises would be presented and were instructed to relax
and attend to the colored circles.

Psychophysiological recording and analysis
The EEG was recorded using a Brain Products ActiCHamp system
with electrodes located over the left and right mastoid processes
and at 27 standard scalp locations (Fp1, Fp2, F3, F4, F7, F8, C3, C4,
P3, P4, P5, P6, P7, P8, P9, P10, PO3, PO4, PO7, PO8, O1, O2, Fz, Cz, Pz,
POz and Oz). The horizontal EOG was computed as the difference
between the electrodes located approximately 1 cm lateral to each
eye, and the vertical EOGwas computed as the difference between
the electrode below the right eye and the Fp2 electrode. The SCR
was recorded simultaneously by this same system, using Brain
Products bipolar SCR electrodes placed on the distal phalanges of
the second and third digits (Scerbo et al., 1992).

All signals were recorded in single-ended mode with a sam-
pling rate of 1000Hz and a cascaded integrator–comb antialias-
ing filter with a half-power cutoff at 260Hz. The electrode
impedances were kept below 80 KΩ. After acquisition, all
data analyses were performed in Matlab using EEGLAB Toolbox
(Delorme and Makeig, 2004), ERPLAB Toolbox (Lopez-Calderon

and Luck, 2014) and FieldTrip (Oostenveld et al., 2011). The sig-
nals were re-sampled offline to 250Hz, referenced to the aver-
age of the two mastoid electrodes and high-pass filtered using
a noncausal Butterworth filter (half-amplitude cutoff=0.01Hz
and slope=12dB/octave). Independent component analysis (ICA)
was then applied to the continuous EEG to correct for eye blinks
and horizontal eye movements (for details, see Bacigalupo and
Luck, 2018). After the ICA procedure, we rejected single trials if
the peak-to-peak voltage within the EEG epoch was greater than
300µV in any 200ms window in any channel. No EEG channels
were rejected, so interpolation was not needed.

To avoid contamination from the US, aversive conditioning was
assessed by comparing alpha-band power on CS− trials with CS+
trials that did not contain a US (CS+US− trials). We excluded four
participants from the data analyses, one because of technical
problems with the EEG recording hardware and the other three
because of having more than 25% of trials rejected, which is our
a priori criterion for good quality EEG data (Bacigalupo and Luck,
2015, 2018, 2019). Thus, sixty-six participants were included in
the final analyses. In these remaining participants, an average of
4.2% of trials were rejected because of artifacts (range=0–22%).
The average number of trials remaining for analysis was 70.3±3
(range=56–72) (excluding the CS+US+ trials). The average num-
ber of trials for the CS− condition was 46.6±2.3 (range=37–48),
whereas for the CS+ condition was 23.7±0.89 (range=19–24).

Skin conductance response
Averaged SCR waveforms were computed using a 14 s epoch,
starting 1 s before CS+ or CS− onset. The SCR was measured as
the mean amplitude from 4.5 to 6.5 s after stimulus onset using
a 1 s prestimulus baseline. These parameters were determined
a priori, following from the study of Bacigalupo and Luck (2018).
Similar to the EEG analysis, aversive conditioning was assessed
by comparing SCR amplitude on CS− trials with CS+US− trials.
In the SCR analysis we included 100% of the trials (72 trials per
participant, including 24 CS+US− trials and 24 trials for each CS−
color).

Extinction analyses
For extinction analyses we included EEG and SCR data of 58
participants. Because to evaluate the activity during extinction
it is necessary to compare it with the activity of the previous
conditioning phase, we had to necessarily exclude the subjects
that were excluded in the conditioning analysis. Thus, from the
initial 66 participants we excluded eight more because of poor
data quality, according to our previously set criteria of having
more than 25% of trials rejected. Therefore, 58 participants were
included in the extinction analyses. An average of 3% of trials was
rejected in the participants (range=0–22%). Considering all par-
ticipants except the first three (N=55), the average number of
trials per participant in this phase was 17.47±1 (range=14–18).
The average number of trials for the CS− condition was 11.6±0.8
(range=8–12), whereas for the CS+ condition was 5.85±0.4
(range=4–6). For the first three participants a piloting phase was
implemented, using 10 extinction trials per stimulus, summing
up to 30 extinction trials total (20 CS− and 10 CS+ trials). Because
of experimental time constraints and because extinction effects
were evident in the subjective reports, we decided to reduce the
number of trials per stimulus from 10 to 6.

To test for extinction effects, comparing the acquisition vs
extinction phases, we performed paired t-tests.
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Fig. 3. SCR (A) and EEG alpha-band (8–12Hz) power (B) over time for CS+, CS− and the conditioning effect (CS+ minus CS−). The SCR started to
increase for CS+ trials but not for CS− trials approximately 2.5 s after stimulus onset, and this effect lasted for several seconds after stimulus offset.
This result demonstrates that the conditioning procedure was successful. Suppression of the EEG alpha-band signal occurred for both CS+ and
CS− stimuli within 200ms of stimulus onset, but the suppression was larger for CS+ trials than for CS− trials. The CS+ label represents results from
CS+US− trials only. The arrows indicate the time of expected US onset (2.5 s after CS+ onset).

Time–frequency analyses
TF analysis was performed on 10 s EEG epochs that began 2.5 s
prior to CS onset. The frequency representation of the EEG data
was obtained through convolution in the time domain using Mor-
let wavelets from 2 to 30Hz (in steps of 1Hz) and a Gaussian
taper, with analysis windows centered every 50ms, using 5-cycle
wavelets (Spaak et al., 2014). At 10Hz, the temporal precision
was 80ms and the frequency precision was 2Hz (quantified as
the s.d. in time or frequency). Induced power (IP) was computed
by subtracting the averaged ERP waveform from the single-trial
EEG signals, for each experimental condition. The TF transform
was then computed from the resulting single-trial signals, and
the transformed data were averaged across trials for each specific
time point and frequency.

After computing IP and averaging across trials, the data at
each time point (t) for a given frequency (f) were normalized to
the prestimulus power for that frequency on a dB scale. In other
words, the normalized value at a given time point represented
the change in power relative to the mean baseline power on a
log scale. The normalization was implemented using the follow-

ing equation: IPlog (f, t) = 10log10 (IP% (f, t)), where IP% (f, t) =
IP(f,t)
µB(f)

and µB(f) is the mean spectral estimate for all baseline points

at frequency f (Grandchamp and Delorme, 2011). The normaliza-
tion was performed separately for each combination of channel,

frequency, trial type (CS+ or CS−), and participant.
The normalization used the activity from −700 to −200ms as

the baseline period. First, we selected a 500ms period so that it

would cover five cycles of the mean frequency of interest (10Hz,

one cycle every 100ms), matching our 5-cycle wavelets. Second,
the wavelet transformation results in a smearing of temporal
information, and it is important to ensure that the baseline pro-
cedure does not end up subtracting signals from after stimulus

onset. The temporal s.d. of our TF transform was 80ms at 10Hz,
so our baseline period of −700 to −200ms ended more than 2 s.d.
before the time of stimulus presentation, Thus, the post-stimulus
signals did not contaminate the measurement of baseline

activity.
The primary dependent variable in our TF analysis was the

mean power from 8 to 12Hz at the POz electrode site. The fre-

quency band and electrode site were chosen a priori based on

previous research from our lab and elsewhere (Brandt, 1997;
Chang et al., 2002; Bacigalupo and Luck, 2019). POz was also
the electrode with greatest alpha suppression effects. To test
whether the alpha-band effects during conditioning were present
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A.1 A.2

B.1 B.2

C.1 C.2

Fig. 4. EEG alpha-band (8–12Hz) power TF plots and topographic scalp maps for CS− (A.1; A.2), CS+ (B.1; B.2) and the CS+ minus CS− difference (C.1;
C.2). The alpha-band suppression was greater and more sustained on CS+ trials (B.1) than on CS− trials (A.1), with a more pronounced difference
between CS+ and CS− during the second half of the stimulus presentation window (C.1). The alpha-band suppression had an occipito-parietal
distribution (A.2; B.2; C.2). Note that the CS+ data came from CS+US− trials only.

more broadly over parieto-occipital electrode sites, we also used
a region-of-interest approach, in which the data were aver-
aged across POz, PO3 and PO4 prior to the statistical anal-
ysis. The pattern of statistical significance was identical to
what was obtained at POz, so we report only the POz results
below.

Alpha-band suppression effects were measured using mul-

tiple time windows, described in detail in the Results section.

Note that all the analyses were performed by comparing CS− tri-

als to CS+US− trials, thus avoiding contamination by the US on
CS+US+ trials. Thus, the CS+ label in the data figures represents
results from CS+US− trials only.

Statistical analysis
The threshold for statistical significancewas 0.05. Statistical anal-
yses were performed using R statistical software version 3.3.2
(R Core Team, 2013). For the analysis of behavioral subjective
reports, Kruskal–Wallis and Wilcoxon nonparametric tests were
performed. Paired samples t-tests were used for comparing SCR
amplitude or alpha-band power differences betweenCS+ andCS−
conditions. One-sample t-tests were used when the differences
between CS+ and CS− trials were compared to zero. Repeated-
measures analyses of variance (ANOVAs) were performed for the
analysis of condition× time-window analysis (CS−, CS+ and time
windows: 0–1 s, 1–2 s, 2–3 s and 3–4 s) and for the condition×block
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Fig. 5. Relationship between the alpha-band conditioning effect and the SCR conditioning effect (CS+ minus CS− difference scores for both measures).
Participants who showed a greater alpha-band conditioning effect also showed an increased conditioning effect for the SCR, as depicted by the
regression line. The correlation is negative because more negative values mean more suppression for the alpha-band EEG measure. Note that the CS+
data came from CS+US− trials only.

analysis (CS−, CS+ and blocks 1, 2 and 3). Multiple compar-
isons between conditions were performed using Tukey tests with
Bonferroni correction. For alpha-band/SCR correlation analyses,
Spearman ranked correlations were computed.

Results
Aversive conditioning: behavioral subjective
reports
Figure 2 shows the ratings obtained at the end of each block
in which participants reported the subjective likelihood that the
CS+ and CS− stimuli would be followed by a noise burst. As
previously reported (Bacigalupo and Luck, 2018), the subjective
likelihood was greater for the CS+ color than for the CS− color at
the end of each conditioning block. The difference between CS+
and CS− trials was statistically significant in each block (Wilcoxon
Vs: 2211, all P values< 0.001). To test whether ratings within
CS+ and CS− categories changed across blocks, we performed
Kruskal–Wallis tests, which yielded no significant differences
across blocks (CS+: H(2) =2.53, P=0.28; CS−: H(2) =4.02, P=0.13).
Thus, participants successfully learned the stimuli contingencies.

Aversive conditioning: skin conductance
response
As reported previously (Bacigalupo and Luck, 2018) and as shown
in Figure 3A, the SCR started increasing in amplitude on CS+
trials relative to CS− trials beginning approximately 2.5 s after
CS onset. Greater SCR activity was then present on CS+ trials
than on CS− trials for the next several seconds, even after the

CS offset at 4 s. The SCR difference between CS+ and CS− stim-
uli (mean amplitude from 4.5 to 6.5 s after stimulus onset) was
statistically significant (t(65) =5.46, P<0.001). This replicates clas-
sical findings and demonstrates that the conditioning procedure
was successful.

Aversive conditioning: alpha-band (8–12Hz) EEG
power
As shown in Figures 3B and 4, alpha-band EEG activity decreased
after the appearance of both the CS+ and CS−. This ‘alpha-band
suppression effect’ exhibited the typical parieto-occipital scalp
distribution (Figures 4.A.2 and B.2). However, the suppression
was larger and more sustained following the CS+ than following
the CS−. The difference between the alpha-band suppression for
CS+ vs CS− trials also had a parieto-occipital scalp distribution
(Figure 4.C.2).

There was a greater reduction of alpha-band activity for CS+
trials relative to CS− trials during the CS presentation window,
as demonstrated by the statistically significant differences for
the CS+ vs CS− mean alpha-band power between 0 and 4 s
(t(65) =−8.25, P<0.001). Thus, like the SCR, alpha suppression was
influenced by aversive conditioning, but with a much more rapid
onset. As can be observed in Figure 3, suppression of the EEG
alpha-band signal ‘occurred’ for both CS+ and CS− stimuli within
200ms of stimulus onset, being larger for CS+ trials than for CS−
trials. As mentioned, the SCR started to increase for CS+ trials
but not for CS− trials approximately 2.5 s after stimulus onset.

Given the link between alpha suppression and attention, the
increased alpha suppression for the CS+ presumably reflects
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Fig. 6. Summary statistics for EEG alpha-band (8–12Hz) power over 1-s
time windows for CS−, CS+ and the CS+ minus CS− difference. The
data are summarized both with bar plots showing mean±SEM (A) and
with scatterplots, boxplots and density plots showing the estimated
distribution (B). The alpha-band power difference between CS+ and CS−
trials was statistically significant across all time windows and was
greater during the second half of the stimulus presentation window. On
CS− trials, alpha-band power decreased over time, suggesting
diminished attentional engagement. However, alpha-band suppression
was sustained on CS+ trials, suggesting continued attentional
monitoring in anticipation of the US. *#= P<0.05. Note that the CS+
data came from CS+US− trials only.

increased attentional engagement when an aversive stimulus, i.e.
threat, is expected.

Figure 5 shows the relationship between the alpha-band sup-
pression effect and the SCR conditioning effect, quantifying each
effect as the difference between CS+US− and CS− trials. Greater
alpha-band suppression (i.e. a larger negative value for the alpha
measure) was associated with a larger SCR effect. This was sta-
tistically analyzed using the Spearman rank-order correlation
test, which yielded a significant negative correlation (r(64) =−0.46,
P<0.001). Thus, participants who showed the greatest attention
to threat, measured via alpha-band suppression, also showed the
greatest activation of the sympathetic nervous system, measured
via SCR.

Aversive conditioning: time course of alpha-band
suppression
As can be observed in Figures 3B and 4.c.1, the alpha-band sup-
pression effect (difference between CS+ and CS−) ramped up
rapidly after CS onset andwas thenmaintained through CS offset.
Note that the figures show the CS+US− trials to avoid contami-
nation by the US response. When the US was presented (i.e. on

CS+US+ trials), the US always occurred at the same time (2.5 s
after CS+ onset, as indicated by the arrow in Figure 3B). Thus, the
waveforms in Figure 3B show that the alpha-band suppression
effect lasted well after the time at which the US was expected.
Indeed, the difference between CS+ and CS− trials was numer-
ically greater after the expected time of the US than before this
time (i.e. after vs before the arrow in Figure 3B).

To statistically analyze the time course of the conditioning
effects, we divided the stimulus presentation time window into
four 1-s windows (0–1 s, 1–2 s, 2–3 s and 3–4 s). Figure 6 shows the
alpha-band suppression values measured from these time win-
dows, and Figure 7 shows the corresponding scalp maps. As can
be observed from these figures, alpha-band suppression on the
CS− trials decreased over the period of the CS, whereas the sup-
pression on CS+ trials was stable over the entire CS presentation
period. As a result, the difference between CS+US− and CS− tri-
als increased over time. These results were statistically analyzed
using anANOVAwith factors of condition (CS+US−, CS−) and time
window. Consistent with the preceding description, the ANOVA
yielded a significant main effect for condition (F(1455) =238.98,
P<0.001), for time window (F(3455) =9.59, P<0.001) and for the
interaction between condition and time window (F(3455) =8.02,
P<0.001). Separate t-tests for the alpha suppression difference
between CS+US− trials and CS− trials yielded statistically signif-
icant differences for all four time windows (0–1 s, t(65) =−6.03;
1–2 s, t(65) =−6.38; 2–3 s, t(65) =−7.51; 3–4 s, t(65) =−8.46; all P
values< 0.001).

To test whether these effects were due to a reduction in alpha-
band suppression over time on CS− trials or due to increased
alpha-band suppression on CS+US− trials, we performed sepa-
rate one-way ANOVAs for the CS− trials, for the CS+US− trials,
and for the difference between CS+US− and CS− trials, with time
window as the factor. For CS− trials, the ANOVA yielded a sig-
nificant main effect of time window (F(3, 195) =43.51, P<0.001),
consistent with the reduced suppression after the first 1-s period
on CS− trials that can be observed in Figures 6 and 7. As shown
in Figure 6, pairwise comparisons between time windows yielded
significant differences for the CS− between the early periods (0–1 s
vs 1–2 s) and between each of these periods and each of the two
later windows. Thus, EEG alpha-band suppression for the CS−was
greater in the early time windows than in the late time windows.

In contrast, the effect of timewindowwas not significant in the
ANOVA for the CS+US− trials (F(3, 195) =0.108, P=0.95). However,
the ANOVA for the CS+ vs CS− difference yielded a significant
main effect of time window (F(3, 195) =19.22, P<0.001). Pairwise
comparisons yielded statistically significant differences between
all time periods except for 2–3 s vs 3–4 s (see Figure 6). Notably,
the conditioning effect was significantly larger from 3 to 4 s than
from 1 to 2 s, despite the fact that the US onset was never after
2.5 s. However, the conditioning effect clearly fell off rapidly once
the CS+ terminated (see Figure 3B). Thus, the alpha-band sup-
pression tracked the time course of the CS+ quite closely and did
not end at 2.5 s, the time at which participants could have inferred
that no US would be presented.

Aversive conditioning: block-by-block analyses
The results shown so far were collapsed across the three con-
ditioning blocks to maximize the signal-to-noise ratio. We also
assessed whether the conditioning effects changed across blocks.
The results are shown in Figures 8–10. The basic conditioning
effect on alpha-band activity (CS+US− vs CS−) was visible during
the first block of trials, indicating rapid learning, and was stable
over blocks. This was verified statistically with an ANOVA on the
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Fig. 7. Topographic maps of alpha-band (8–12Hz) EEG power topographic during 1-s time windows for CS− (A.1–A.4), CS+ (B.1–B.4) and the CS+ minus
CS− difference (C.1–C.4). The alpha-band suppression effect had an occipito-parietal distribution. On CS− trials, alpha-band power decreased over
time, suggesting diminished attentional engagement. However, the alpha-band suppression was sustained on CS+ trials, suggesting continued
attentional monitoring in anticipation of the US. Note that the CS+ data came from CS+US− trials only.

CS+ vs CS− difference in alpha-band activity, including condition-
ing block as factor, which yielded no significant differences across
blocks (F(2, 130) =0.275, P=0.76).

In contrast, the SCR showed a dramatic amplitude reduction
over blocks on CS+ trials, as can be observed in Figure 10B.
The SCR conditioning effect (CS+ minus CS−) also decreased
by more than 50% between the first block and the third block
(Figure 10D). This was verified by analyzing these difference

scores in an ANOVA including block as factor, which yielded a
significant effect of block (F(2, 130) =10.9, P<0.001). Further pair-
wise comparisons showed a statistically significant reduction in
the SCR difference scores between block 1 and block 2 (z=−3.5,
P=0.0013) and between block 1 and block 3 (z=−4.4, P<0.001).
These results show that alpha-band suppression is stable over
conditioning blocks, whereas SCR shows significant habituation
effects.
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A.1 A.2 A.3

B.1 B.2 B.3

C.1 C.2 C.3

Fig. 8. TF plots for CS−, CS+ and the CS+ minus CS− difference, shown separately for each of the three blocks. The greater suppression of alpha-band
activity for CS+ than for CS− was observed in all three blocks. Note that the CS+ data came from CS+US− trials only.

We also repeated the alpha-SCR correlation analyses described
previously but performed separately for each of the three con-
ditioning blocks. This yielded statistically significant negative
correlations between the alpha-band suppression effect and the
SCR conditioning effect for the first (r(64) =−0.267, P=0.03) and
second blocks (r(64) =−0.274, P=0.025), but not for the third block
(r(64) =−0.011, P=0.92). The absence of correlation for the third
conditioning block is probably a side effect of the SCR habitua-
tion, because it is unlikely to find a correlation when one of the
variables approaches zero.

Extinction
As can be observed in Figures 11 and 12, the conditioning effects
for both alpha and SCR were greatly reduced compared to the last
conditioning block. To test this statistically, we performed sep-
arate paired t-tests for SCR and alpha-band suppression effects

(CS+ minus CS− trials), comparing the last conditioning block
and the extinction phase. Significant decreases between the last
conditioning block and the extinction block were obtained for
both SCR (t(100) =2.94, P=0.0039) and alpha-band suppression
(t(113.86) =−2.48, P=0.014).

Discussion
The main goal of this study was to determine whether stim-
uli that predict the likelihood of a subsequent aversive event
(threat stimuli) elicit transient attentional engagement, pre-
sumably reflecting the appraisal of the threat stimulus and/or
sustained attentional engagement that reflects a continued
enhancement of threat processing. We used an aversive condi-
tioning procedure to create an experimentally controlled threat
stimulus (the CS+), and we used suppression of alpha-band EEG
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Fig. 9. Summary statistics for EEG alpha-band (8–12Hz) power during
each of the three trial blocks for CS−, CS+ and the CS+ minus CS−
difference. The data are summarized both with bar plots showing
mean±SEM (A) and with scatterplots, boxplots and density plots
showing the estimated distribution (B). The alpha-band power
difference between CS+ and CS− trials was stable over blocks. Note
that the CS+ data came from CS+US− trials only.

activity to assess attentional engagement. Consistent with other
measures of attention and prior EEG studies (Moratti et al., 2006;
Stolarova et al., 2006), we found evidence that threat stimuli
trigger enhanced attentional processing. That is, alpha-band sup-
pression was greater for the CS+ than for the CS− within 500ms
of stimulus onset, as also shown by previous research (Chien et al.,
2017; Panitz et al., 2019; Friedl and Keil, 2020, 2021; Yin et al., 2020).
The main question was how long this effect would be sustained.

In the present study, the CS duration was 4 s, and when the
US was present (on CS+US+ trials), the US began 2.5 s after
the CS and co-terminated with the CS (see stimulus timing in
Figure 1 and the arrows in Figure 3). We found that the greater
alpha-band suppression for CS+ trials than for CS- trials persisted
through the termination of the CS+. Given decades of evidence
that alpha power reflects the degree of internal vs external atten-
tional engagement (Klimesch et al., 2007; Benedek et al., 2014),
with lower alpha associated with greater cortical responsiveness
to external stimuli (Bollimunta et al., 2008; Romei et al., 2008), the
sustained alpha suppression following the CS+ indicates that the
CS+ triggered a period of sustained attentional engagement that
persisted throughout the entire duration of the CS+, even after
the time at which the US would be expected. Thus, whereas pre-
vious research using ERPs indicates that threat stimuli trigger a
transient attentional response (e.g. Moratti et al., 2006; Ferreira de

Sa et al., 2019; Kappenman et al., 2015), presumably related to the
appraisal of the threat stimulus itself, the present results indicate
that threat stimuli may also trigger a state of increased vigilance
that lasts as long as the threat stimulus is visible (Schupp et al.,
2003). A hint of this can be seen in previous studies of alpha-band
suppression (Chien et al., 2017; Panitz et al., 2019; Friedl and Keil,
2020, 2021), but the present resultsmore clearly establish that the
suppression effect lasts for the entire duration of the CS, at least
in the present conditioning paradigm.

On CS+US− trials, participants should have realized that the
US was not going to be presented once 2.5 s had elapsed. How-
ever, the alpha-band suppression conditioning effect actually
increased over the course of the CS, with a larger effect from 3 to
4 s than from 1 to 2 s. This was true even in the third block of the
conditioning procedure (see Figure 10C). Why did the alpha-band
suppression persist even after participants should have realized
that they were ‘safe’? A likely explanation is that the association
between the color of the CS+ and the US was strong enough to
force the sustained allocation of attention as long as the CS+ color
was visible. This would be consistent with other evidence indi-
cating that conditioning leads to a durable attraction of attention
(Anderson, 2019). However, we cannot rule out the possibility that
the duration of the alpha-band effect would become shorter with
more blocks of conditioning, as the timing of theUS became better
learned.

Another interesting aspect of the present results is that the
alpha-band effects were largest over visual cortex even though
the US was an auditory stimulus. This suggests that participants
were maintaining their attention on the visual CS+ rather than
shifting their attention toward the auditory modality, which is
also consistent with the finding that the alpha-band suppression
lasted until the end of the CS+ on CS+US− trials. This further sug-
gests that the CS+ has become an object of intrinsic interest and
not just a predictor of the US. As an analogy, people may focus
their visual attention strongly on a gun during an armed robbery,
even though the feared outcome (being shot) would initially be
signaled in the auditorymodality and then be experienced as pain
in the somatosensory modality.

The finding of a sustained suppression of alpha-band activity
following a CS+ is important theoretically, but it may also have
practical importance in studying anxiety and trauma-related dis-
orders, which often involve hypervigilance. That is, research on
these disorders could use transient attention-related ERP com-
ponents (e.g. N2pc and LPP) to assess enhanced appraisal of
the threat stimulus itself, combined with alpha suppression to
assess sustained vigilance following the threat stimulus. There-
fore, alpha suppression may be a candidate biomarker for hyper-
vigilance, which is a key symptom in anxiety and trauma-related
disorders (Craske et al., 2009). The heightened state of arousal is
related to disabling symptoms such as panic attacks and insom-
nia, and there is evidence supporting the role of hypervigilance in
the development of anxiety disorders in childrenwho have experi-
enced trauma and abuse (Hoehn-Saric andMcLeod, 2000; Longley
et al., 2006; Werner et al., 2020). The fact that the sustained alpha-
band suppression in the present study continued even after the
actual threat of the USwas over also supports the use of thismea-
sure for examining hypervigilance. Thus, alpha suppression may
provide a useful method for studying the mechanism by which
hypervigilance affects individuals with anxious symptoms.

Some alpha suppression was present for the CS− until the
stimulus terminated (see Figure 3B), suggesting that subjects con-
tinued to engage in low-level vigilance following the CS−. This
may be a simple generalization effect, reflecting the fact that
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Fig. 10. Time course of the EEG and SCR measures separated by trial block. (A) EEG alpha-band (8–12Hz) power for CS+ and CS− trials. The greater
suppression of alpha-band activity for CS+ than for CS− was observed in all three blocks. (B) SCR amplitude for CS+ and CS− trial. The greater SCR
activity for CS+ than for CS− declined over blocks. (C) Difference between CS+ and CS− trials for EEG alpha-band activity. This difference was stable
across blocks. (D) Difference between CS+ and CS− trials for the SCR. This difference decreased significantly across blocks, thus showing habituation.
Note that the CS+ data came from CS+US− trials only.

the CS− was similar to the CS+ in features such as size and
shape. Alternatively, given that real-world threat probabilities
may change over time, the sustained alpha suppression for the
CS− may reflect the need to keep monitoring for aversive stimuli

even after a stimulus that has previously been associatedwith the
absence of a negative outcome.

It should be noted that the number of CS+ trials was equal
to the number of CS− trials, but because there were two CS−
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A.1 A.2 A.3

B.1 B.2 B.3

C.1 C.2 C.3

D.1 D.2 D.3

Fig. 11. EEG alpha-band (8–12Hz) TF plots and topographic scalp maps for CS+, CS− and the difference between CS+ and CS− during the last
conditioning block (A.1–A.3; c.1–c.3) and the extinction block (B.1–B.3; D.1–D.3). In conditioning block 3, alpha-band suppression was greater on CS+
trials (A.2; C.2) than on CS− trials (A.1; C.1). The difference in alpha-band suppression between CS+ and CS− trials during conditioning block 3 can be
observed in A.3 and C.3. This effect was significantly reduced during extinction (B.3 and D.3).

colors but only one CS+ color in each trial block, the CS+ color
occurred twice as often as each individual CS− color. This differ-
ence in probability could lead to greater adaptation for the CS+

color than for the CS− colors, which in turn would produce less
attention-related activity for the CS+ color (Kohn, 2007). How-
ever, we found the opposite pattern, with a greater attentional
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Fig. 12. Difference waveforms (CS+ minus CS−) for the third conditioning block and extinction. A. SCR amplitude. B. EEG alpha-band (8–12Hz) power.
Both SCR amplitude and alpha-band power showed significant reductions for extinction compared to the third conditioning block.

response (i.e. alpha-band suppression) for the CS+ color than for
the CS− colors. Thus, the difference in probabilities cannot easily
explain the observed results.

In addition to alpha-band EEG suppression, we also measured
the SCR, a peripheral nervous system measure that is com-
monly used to assess aversive conditioning (Ohman et al., 1976;
Kirsch and Boucsein, 1994; Marin et al., 2017). We had previ-
ously shown that the SCR was larger for the CS+ than for the
CS− in this dataset (Bacigalupo and Luck, 2018), but that this
effect declined over blocks. When we looked at the conditioning
effect (CS+ minus CS−) for both the SCR and alpha, we found a
statistically significant negative correlation between alpha-band
suppression and SCR amplitude. That is, participantswho showed
the greatest conditioning effect measured via alpha-band sup-
pression also showed the greatest conditioning effect measured
via SCR.

One possible explanation for this correlation is that the height-
ened attention to the CS+ indexed by the alpha-band suppression
led to activation of the fight–flight–freeze response system that
the SCR is thought to index (Critchley, 2002; Laine et al., 2009).
Another possibility is that both mechanisms are triggered by the
same neural signal, which theoretically could be generated in

the central nucleus of the amygdala (Phelps and LeDoux, 2005;
Ross et al., 2017). However, our block-by-block showed differ-
ent habituation patterns for these two measures. That is, the
SCR conditioning effect decreased dramatically across blocks,
whereas the alpha-band conditioning effect was largely stable
(Figures 8–10). Additional research is needed to determine the
relationship between alpha-band suppression and SCR in the
context of threat processing.

Although our interpretation is that the greater alpha-band
suppression effect for CS+ vs CS− stimulus is a marker of height-
ened arousal related to threat/aversive expectancy, an alternative
view would be that alpha-band suppression signals increased
attention to novelty, regardless of the valence of the expected
stimulus. In this study, valence and arousal were not evaluated
behaviorally, and it is likely that both dimensions were tightly
linked to the nature of the stimuli (CS+: high-arousal and aver-
sive/negative valence; CS−: low-arousal and neutral valence).
Thus, the present study does not allow disentangling which
specific feature (valence or arousal) is marked by alpha-band
suppression. Future research may help to clarify the role of
attention-related alpha-band suppression in the evaluation of
stimuli with different emotional valence and also with different
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predicting values of aversive/appetitive outcomes in the context
of associative learning and other types of memory (Kensinger and
Corkin, 2004; Costanzi et al., 2019).

The results of the extinction phase showed that alpha-band
suppression decreased, as would be expected for a marker of
attention-related threat processing. Because during extinction
the participants learned that the CS+ was no longer a threat-
related cue, it was not necessary to be in a state of increased
arousal for attending the environment. It is important to notice
that the participants knew that no noise would be presented dur-
ing this phase. Therefore, the CS+ stimulus was most likely con-
sidered non-threatening right from the start of extinction phase.
Thus, both the alpha-band power reduction and the SCR ampli-
tude decrease during extinction could be explained by explicit
learning i.e. top-down driven mechanisms. This might be an
interesting topic for future research, testingwhether there are dif-
ferences in attention-related neural activity between implicit vs
explicit extinction learning and the effects on phenomena such
as extinction retrieval, spontaneous recovery, fear reinstatement
and renewal (Maren and Holmes, 2016; Oyarzun et al., 2019).

Although SCR has been used for several decades to assess aver-
sive conditioning and extinction, it has two main limitations: (i)
it is an indirect measure of brain function (measured at the fin-
gertips) and (ii) it has a delayed onset (2–3 s). However, cognitive
function is fast, occurring at a millisecond time scale. Thus, alter-
native methods are needed to study more directly the role of neu-
rocognitive functions such as attention in aversive conditioning.
Although it has been argued that EEG-based methods for assess-
ing aversive conditioning are difficult to implement (Lonsdorf
et al., 2017), our results show that it is possible to use EEG-based
measures such as alpha-band suppression to study the role of
attention in aversive conditioning. Previously, we have also shown
that another EEG-based method, namely the LPP component,
can be used to study attentional processes during aversive asso-
ciative learning (Bacigalupo and Luck, 2018). Since then, other
researchers have used ERP components, including the LPP, for
studying the role of attention in aversive conditioning (Ferreira de
Sa et al., 2019). Thus, EEG-based measures may become increas-
ingly used to study aversive conditioning and extinction, bringing
together behavioral and neural methods that were first developed
almost 100 years ago in the works of Pavlov, Berger and Adrian
(Pavlov, 1927; Berger, 1929; Adrian and Matthews, 1934).
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