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ARTICLE INFO ABSTRACT

Keywords: Electrophysiological studies in rodents allow recording neural activity during threats with high temporal and
Sequential-set fear conditioning spatial precision. Although fMRI has helped translate insights about the anatomy of underlying brain circuits to
EEG humans, the temporal dynamics of neural fear processes remain opaque and require EEG. To date, studies on
si electrophysiological brain signals in humans have helped to elucidate underlying perceptual and attentional pro-
N170 cesses, but have widely ignored how fear memory traces evolve over time. The low signal-to-noise ratio of EEG

LPP demands aggregations across high numbers of trials, which will wash out transient neurobiological processes
that are induced by learning and prone to habituation. Here, our goal was to unravel the plasticity and temporal
emergence of EEG responses during fear conditioning. To this end, we developed a new sequential-set fear con-
ditioning paradigm that comprises three successive acquisition and extinction phases, each with a novel CS+/CS-
set. Each set consists of two different neutral faces on different background colors which serve as CS+ and CS-,
respectively. Thereby, this design provides sufficient trials for EEG analyses while tripling the relative amount of
trials that tap into more transient neurobiological processes. Consistent with prior studies on ERP components,
data-driven topographic EEG analyses revealed that ERP amplitudes were potentiated during time periods from
33-60 ms, 108-200 ms, and 468-820 ms indicating that fear conditioning prioritizes early sensory processing
in the brain, but also facilitates neural responding during later attentional and evaluative stages. Importantly,
averaging across the three CS+/CS- sets allowed us to probe the temporal evolution of neural processes: Re-
sponses during each of the three time windows gradually increased from early to late fear conditioning, while
long-latency (460-730 ms) electrocortical responses diminished throughout fear extinction. Our novel paradigm
demonstrates how short-, mid-, and long-latency EEG responses change during fear conditioning and extinction,
findings that enlighten the learning curve of neurophysiological responses to threat in humans.

1. Introduction (Bouton, 2017). Neurophysiological mechanisms of fear conditioning

and extinction have been widely investigated in animals (Tovote et al.,

Rapid learning about threats is essential for survival (LeDoux and
Daw, 2018), but it can also contribute to the etiology and maintenance
of pathological fear (Parsons and Ressler, 2013). Patients with anxiety
disorders exhibit elevated fear conditioning and resist fear extinction
(Lissek et al., 2005; Duits et al., 2015). Fear conditioning (LeDoux, 2014)
describes a learning procedure during which an initially neutral stim-
ulus (conditioned stimulus, CS) elicits fear after becoming associated
with an aversive event (unconditioned stimulus, US). Conversely, when
the CS is presented in the absence of the aversive US, the fear response
is extinguished and the strength of behavioral fear measures declines
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2015), leading to the development of neurobiological models of threat
processing (Calhoon and Tye, 2015; McCullough et al., 2016). In ani-
mals, recording intracranial electrical activity of single units allows to
unravel dynamics of threat processing with high spatial and temporal
precision (Fadok et al., 2017).

Translating insights from animal studies on neural threat circuits into
the human realm is challenging (Janak and Tye, 2015; Flores et al.,
2018; Haaker et al., 2019): Available methods like fMRI or EEG lack
either temporal or spatial specificity, respectively (Logothetis et al.,
2001; Hajcak et al., 2019). Several studies have used fMRI to reveal
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the anatomy of fear conditioning in humans, including the amygdala
(Greco and Liberzon, 2016; but see Fullana et al., 2016), insula, hip-
pocampus, and prefrontal areas (Fullana et al., 2016). Imaging tech-
niques like fMRI are well suited to study slower brain processes, but the
study of fast and transient cortical processes requires techniques with a
much higher temporal resolution. Importantly, EEG or MEG offer perfect
temporal accuracy to detect changes in brain activity over milliseconds
(Miskovic and Keil, 2012). These methods allow to disentangle individ-
ual neural mechanisms (Erickson et al., 2018) and to assess whether
amplified cortical responses are processed at automatic or rather strate-
gic stages (Klumpp and Shankman, 2018).

Prioritized processing of threat cues can occur at different sensory
and cognitive levels (Gupta et al., 2019; Wieser and Keil, 2020), includ-
ing sharpened tuning of visuocortical neurons (Stegmann et al., 2020).
Electromagnetic methods are pivotal tools to investigate how threat
can guide perceptual, attentional, and evaluative processing stages
(Lang and Bradley, 2010; Bublatzky and Schupp, 2012; Miskovic and
Keil, 2012). Some studies suggest that fear conditioning facilitates neu-
ral processing at very early stages which begin already at latencies <
40 ms after stimulus onset (Brockelmann et al., 2011; Kluge et al.,
2011; Morel et al., 2012; Steinberg et al., 2013). Others reported
heightened parieto-occipital amplitudes to CS+ versus CS- from 60
to 90 ms (Stolarova et al., 2006; Hintze et al., 2014; Thigpen et al.,
2017) as indicated by the C1 component amplitude. These results em-
phasize that short-term plasticity in primary visual neurons may be
responsible for biased threat perception already during early laten-
cies. A few studies propose that conditioned responses amplify ampli-
tudes of the P1 (~80-150 ms) and of the face-sensitive N170 (~130-
200 ms) components (Pizzagalli et al., 2003; Pourtois et al., 2004;
Liu et al., 2012b; Levita et al., 2015; Camfield et al., 2016; Muench et al.,
2016), but results are mixed. Specifically, Muench et al. (2016) showed
more positive P1 amplitudes at lateral parietal electrode sites for
fear-conditioned faces, but only during a self-relevant threat context.
Levita et al. (2015) and Camfield et al. (2016) found more nega-
tive amplitudes at occipito-temporal channels and interpreted these
effects as elevated N170 responses. However, other studies failed to
replicate differential fear responses during these mid-latency periods
(Stolarova et al., 2006; Seligowski et al., 2018; Stolz et al., 2019),
and inconsistent findings (Schindler and Bublatzky, 2020) may arise
from increased attention toward both threat (CS+) and safety (CS-) cues
(Bublatzky and Schupp, 2012).

Wieser and Keil (2020) argue that modulations of the C1, P1, and
N170 amplitudes reflect neural correlates of a somewhat “broad” dis-
crimination between threat and non-threat cues. In contrast, effects
on late-latency (> 300 ms) event-related potential (ERP) components
are assumed to indicate sustained activation of motivational neural
systems (Cuthbert et al., 2000; Hajcak and Foti, 2020), related to
widespread perceptual, motivational, and motor signals (Wieser and
Keil, 2020). Numerous studies confirmed that the late positive po-
tential (LPP) at parieto-occipital sensors is reliably enhanced to fear-
conditioned stimuli (Panitz et al., 2015, 2018; Pastor et al., 2015;
Bacigalupo and Luck, 2018; Seligowski et al., 2018; Ferreira de Sa et al.,
2019; Pavlov and Kotchoubey, 2019; Stolz et al., 2019). The exact time
window for LPP scoring varies between studies, but the majority re-
stricted statistical analyses to the 300-800 ms period.

Taken together, EEG studies have not only reported that fear condi-
tioning modulates rather early (Miskovic and Keil, 2012) ERP compo-
nents (which can be interpreted as facilitated perception through early
visual cortical plasticity), but also found effects on later (Panitz et al.,
2015; Bacigalupo and Luck, 2018) ERP components (reflecting sustained
engagement with threat). All of these results typically rely on averaging
across a massive number of trials to achieve an acceptable signal-to-
noise ratio for EEG (Huffmeijer et al., 2014), thereby neglecting any
changes in the course of learning that would be expected from theoret-
ical models (Rescorla and Wagner, 1972). Notably, neurophysiological
responses to the CS change across trials due to habituation and learning.
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For example, single-trial analyses suggest that P1 modulations change
throughout fear conditioning, depending on involved attention mech-
anisms (Liu et al., 2012b). These temporal dynamics are often of par-
ticular interest and considered in fMRI studies (Yin et al., 2018). When
averaging across all EEG trials of an acquisition session, however, any
information about the learning dynamics within that session will typi-
cally be lost. Furthermore, modulation of transient ERP components can
be overlooked due to habituation across many trials.

During the last decade, a growing body of studies has begun to
translate electrophysiological signatures of learned fear from the rodent
model to humans (e.g., Thigpen et al., 2017; Bacigalupo and Luck, 2018;
Seligowski et al., 2018; Roesmann et al., 2020). Although learning may
be defined as a change in neural activity due to experience (Ferreira de
Sé et al., 2019), human electrophysiological studies of fear condition-
ing have widely been unable to investigate how brain signals to threat
stimuli actually change over the course of learning. To close this gap and
to overcome the methodological challenges described above, we devel-
oped a new sequential-set fear conditioning paradigm that comprises
three successive acquisition phases, each with a novel CS+/CS- set. We
validated our new paradigm by means of a data-driven approach to iden-
tify differences in EEG topography between experimental conditions and
by testing whether fear conditioning effects in one stimulus set are also
present across the other two with regard to EEG components, subjective
ratings, electrodermal activity, and fear bradycardia. As outlined above,
findings on the timing of ERP effects during fear conditioning are hetero-
geneous, and, for some components (e.g., P1 and N170), results diverge
(Pizzagalli et al., 2003; Ferreira de Sa et al., 2019). The majority of
studies focused on specific a priori selected components, with latencies
and electrodes varying across studies. Thereby, this approach makes the
selection of parameters a somewhat speculative endeavor, which may
result in missing any effects that do not align with a priori selected la-
tencies and electrodes. To address this issue, we applied a data-driven
approach to identify relevant time windows for ERP analyses. Follow-
ing previous fear conditioning studies, we were specifically interested
in ERP responses within 1000 ms.

Our new sequential-set fear conditioning paradigm allows probing
the temporal unfolding of brain mechanisms with EEG, thereby comple-
menting functional anatomical knowledge obtained from fMRI research.
On the one hand, averaging across trials from three CS sets ensures a
high signal-to-noise ratio. On the other hand, by using three CS sets there
are fewer repetitions of a single stimulus. Importantly, our paradigm
triples the relative amount of trials that capture habituation-prone neu-
ral responses given that novel pictures have been shown to lead to a
complete recovery of attenuated ERP amplitudes (Codispoti et al., 2006,
2007). While reducing habituation, sequential-set conditioning should
therefore ensure a good signal-to-noise ratio for tapping into more tran-
sient neurophysiological processes. Specifically, we hypothesized that
from early to late fear conditioning trials ERP amplitudes would gradu-
ally increase to CS+ versus CS-, particularly within the aforementioned
time windows and locations roughly relating to the C1, P1, N170, and
LPP components. Conversely, CS+ versus CS- differences in ERP ampli-
tudes should vanish throughout fear extinction.

2. Materials and methods
2.1. Participants

Twenty-four healthy, right-handed, and non-smoking students at the
University of Marburg participated in this study. One subject did not
complete the study, and two subjects were excluded because of exces-
sive artifacts in EEG data, yielding a total sample of N = 21 partici-
pants (mean age =20.76 years, SD = 2.28 years, range: 18-26 years;
85% females). Based on our previous studies (e.g., Panitz et al., 2018;
Stolz et al., 2019), we expected medium to large effect sizes for con-
ditioned fear responses. Thus, we used G*Power (Faul et al., 2007) to
determine the sample size needed for an effect size of Cohen’s d=0.7.
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Fig. 1. Sequential-set fear conditioning paradigm. (A) Participants underwent three successive acquisition training phases (ACQ;, ACQ,, and ACQj), each with a
novel conditioned stimulus (CS+/CS-) set (differently tinted neutral faces). For instance, the CS+;/CS-; stimulus set was used during the first acquisition training
(ACQ;). Approximately 24 h after fear conditioning, subjects underwent sequential-set extinction, which consisted of three successive extinction training phases
(EXT,, EXT,, and EXT,), each with the corresponding CS+/CS- set. (B) Trial structure and timeline for a single CS trial. All CSs were presented for 6 s, followed by
a jittered 6-10 s intertrial interval. During acquisition training, CS+ were paired with an aversive electric shock unconditioned stimulus (US). The delivery of the
US started 500 ms before the CS offset. (C) The number and stimuli types presented during the experimental phases. During three acquisition training phases, CS+;,
CS+,, and CS+; were reinforced with an aversive US (“w/”, reinforcement rate of 47%), while CS-;, CS-,, and CS-; were never paired with a US (“w/0”). Note:
Due to licensing restrictions, we cannot publish the original stimulus material that we used in the present study. To illustrate the paradigm, panels A and B contain
comparable stimuli with faces of the authors of this article and their colleagues. The original stimulus material is available upon request.

Under the assumption of a significance level of « = .05 and a power level
of 1 — f=.08, a priori power analyses revealed that a total sample size
of 19 would be required. To allow for a potential data loss of up to 20%,
we recruited 24 participants.

All subjects gave written informed consent to participate. They par-
ticipated for either partial fulfillment of course credit or were reim-
bursed with €10 per hour. Exclusion criteria were a history of car-
diovascular, neurological, or mental disorders (assessed by the short
version of the Diagnostic Interview for Mental Disorders, Mini-DIPS;
Margraf, 1994), and regular use of either illegal drugs or prescription
drugs that affect the central nervous system. All participants were asked
to refrain from alcoholic or caffeinated drinks, heavy meals, and stren-
uous exercise prior to the experiment. The study protocol was approved
by the local ethics committee of the Department of Medicine at the Uni-
versity of Marburg.

2.2. Experimental fear conditioning and extinction paradigm

We developed a new experimental paradigm that is designed to study
the time course of electrocortical fear responses throughout fear condi-
tioning and extinction. Our paradigm was administered over two con-
secutive days (see Fig. 1): Participants underwent sequential-set fear
conditioning on day 1, while sequential-set fear extinction took place
24 h later on day 2. Specifically, one CS (the CS+) was paired with the
aversive US, while a second CS (the CS-) remained unpaired. The differ-
ential fear response can be quantified as heightened responses to CS+
compared with CS-.

Importantly, day 1 sequential-set fear conditioning consisted of three
successive acquisition training phases, each with a novel CS+/CS- set.
Here, we denote each of the three sets with a subscript (i.e., CS+;/CS-,
CS+,/CS-5, and CS+3/CS-3). Specifically, each set comprised two differ-
ent neutral faces on different background colors, which served as CS+
and CS-, respectively. During the acquisition training of set 1 (ACQ;),
the CS+;/CS-; stimulus set was used, during the acquisition training of

set 2 (ACQ,), a second CS+,/CS-, stimulus set was shown, and during
the last acquisition training (ACQ3), a third CS+3/CS-5 stimulus set was
presented. During each of the three acquisition training phases, CS+
and CS- stimuli were shown 15 times each in a random order, with
the CS+ paired with an aversive electric shock US during 7 trials (see
Fig. 1C). To familiarize participants with the stimuli, the correspond-
ing CS+ and CS- stimuli were presented four times during three pre-
acquisition phases (pre-ACQ), which took place immediately before the
respective acquisition training phase. Prior to acquisition, participants
were verbally instructed to expect a shock paired with the presenta-
tion of the CS+ face (Hollandt et al., 2020). Participants were instructed
about the contingency but were not informed about the reinforcement
rate (Mertens et al., 2018). Note that the first CS+ during each acquisi-
tion phase was always paired with the US.

Approximately 24 h after fear conditioning, subjects underwent
sequential-set fear extinction. Similar to the acquisition training pro-
cedure, day 2 fear extinction consisted of three successive extinction
training phases, each with the corresponding CS+/CS- set. Specifically,
during each extinction training (EXT;, EXT,, and EXT3), CS+ and CS-
stimuli were presented 24 times each in a random order without any US
presentation (see Fig. 1C). To reactivate the CS-US contingency, a sin-
gle CS+ reinforced with the electric shock US (same intensity as during
day 1) and a single CS- were presented prior to each extinction training
phase (Monfils and Holmes, 2018; Hollandt et al., 2020). On day 2, par-
ticipants were instructed that electric shock stimuli “may occur” during
the experiment.

Consistent with several studies from human (e.g., Feng et al., 2015;
Ebrahimi et al., 2020; Hollandt et al., 2020) and animal (e.g., Voulo and
Parsons, 2017; Ramanathan et al., 2018; Hartley et al., 2019) literature,
fear conditioning and extinction were separated by approximately 24 h
to allow fear memory consolidation prior to extinction training. There
is robust evidence that sleep plays a pivotal role in the consolidation of
fear-conditioned memories (Kumar et al., 2012; Pace-Schott et al., 2015;
Menz et al., 2016). If fear conditioning and extinction are performed on
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the same day, extinction learning is likely to interfere with fear memory
consolidation, resulting in the so-called “immediate extinction deficit”
(Maren, 2014).

2.3. Conditioned and unconditioned stimuli

Following previous studies, pictures of male faces with a neutral ex-
pression and tinted in either blue, yellow, purple, red, green, or orange
color (as used by Klumpers et al., 2010; Duits et al., 2017; Heinig et al.,
2017; Hollandt et al., 2020; see Fig. 1A and B) served as CSs. Pho-
tos of six male faces were selected from the Psychological Image Col-
lection at Stirling (http://pics.psych.stir.ac.uk; nottingham_scans set;
ids: m025, m051, m064, m095) and from the NimStim stimulus set
(Tottenham et al., 2009; ids: 27M_NE_C, 36M_NE_C). All CS faces (size:
13.5 x 18 cm) were presented on a 24-in computer monitor placed ap-
proximately 50 cm in front of the participant. The stimuli were shown
for 6 s, using the computer program Presentation 18.2 (Neurobehav-
ioral Systems, Berkeley, CA/USA). During a jittered intertrial interval
(defined as CS offset to CS onset) of 6-10 s, a white fixation cross was
shown on a black background (see Fig. 1B). The assignment of face stim-
uli to CS+ and CS- was counterbalanced.

The US consisted of a 500-ms multipulse (100 single 5-ms pulses)
percutaneous electrical stimulation. US presentation started 5.5 s af-
ter CS onset. Electrical stimulation was delivered from a constant
current stimulator (DS7A; Digitimer Ltd., Welwyn Garden City, UK;
400 V maximal voltage) using two steel disk electrodes (Technomed
Europe, Maastricht, The Netherlands; 8-mm diameter, 23 mm apart)
attached to the inside of the left forearm, about 11 cm from the
carpus. During a work-up procedure (a detailed protocol is avail-
able at https://doi.org/10.5281/zenodo0.4294603), we presented elec-
trical stimuli at increasing intensities until the shocks were subjec-
tively perceived as “difficult to bear, but acceptable” (M=1.84 mA,
SD=0.76 mA). Using these relatively high shock intensities, we have
already shown successful fear conditioning on physiological and sub-
jective levels in a previous simultaneous EEG-fMRI study (Sperl! et al.,
2019). Shock electrodes were attached during all experimental
stages.

2.4. Subjective CS ratings

Prior to and after each experimental stage, participants were asked
to indicate the US expectancy (“How likely is it that the electric stim-
ulus will coterminate with this picture?”) for each CS on an 11-point
numeric rating scale ranging from 0% (“US will definitely not cotermi-
nate”) to 100% (“US will definitely coterminate”). Furthermore, par-
ticipants rated the subjective valence (“How good or bad do you feel
when looking at this picture?”; 0=“very good” to 100 = “very bad”)
and arousal (“How aroused do you feel when looking at this picture?”;
0="“not aroused at all” to 100 = “extremely aroused”) of their current
feeling on an 11-point scale. In order to assess the temporal dynamics
of extinction learning over trials (Golkar et al., 2013), each extinction
training phase was split into three blocks. Additional subjective CS rat-
ings were obtained between these blocks.

2.5. EDA data acquisition and analyses

Electrodermal activity (EDA), electrocardiogram (ECG), and elec-
troencephalogram (EEG) were recorded at a 1024 Hz sampling rate
using the BioSemi Active Two EEG system (BioSemi, Amsterdam, The
Netherlands). Physiological data were low-pass filtered online with a
cutoff frequency of 208 Hz. For EDA (exosomatic measurement, 1 yA
at 16 Hz AC), two Ag/AgCl electrodes (5-mm diameter) filled with iso-
tonic (0.5% NacCl) electrolyte medium were placed on the thenar and
hypothenar eminences of the nondominant (left) hand. Raw EDA data
were low-pass filtered (1 Hz, signal amplitude is attenuated by 3 dB
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at cutoff frequency, 4th order Butterworth filter, 24 dB/octave roll-
off) offline in BrainVision Analyzer 2.1.2 (Brain Products, Munich, Ger-
many) and downsampled to 128 Hz. Artifact correction and trough-to-
peak analyses were performed in Ledalab 3.4.9 (Benedek and Kaern-
bach, 2010a, 2010b), implemented in MATLAB 9.2 (MathWorks, Nat-
ick, MA/USA). After visual data inspection, technical artifacts were cor-
rected with spline or cubic interpolation. For each CS trial, a skin con-
ductance response (SCR) score was calculated as the amplitude-sum of
significant SCRs within 1 and 5 s after the CS onset. Given that laten-
cies shorter than 1 s should be treated with caution (Boucsein et al.,
2012), SCRs during the first second after CS onset were omitted. SCRs
smaller than 0.01 xS were considered zero responses. To obtain a nor-
mal distribution, SCR scores were logarithmized, In(uS+1), before av-
eraging. SCR scores were then averaged across trials for each CS type.
Both unreinforced and reinforced CS+ trials were included because the
SCR response window did not overlap with the US onset. In fact, the
trial timing of our paradigm was optimized to also allow for appropri-
ate SCR and heart period (see below) analyses. The CSs were shown for
6 s, and the US coterminated with the last 500 ms of the CS+. Com-
pared with the majority of fear conditioning studies, the CS duration
is relatively long. However, this timing ensures that the SCR response
window does not overlap with the US onset. SCR amplitudes typically
habituate over time, and habituation is usually weaker for CS+ versus
CS- (Lonsdorf et al., 2017). If only unreinforced SCR trials are included
in statistical analyses, different habituation curves for CS+ compared
with CS- can be problematic and reduce statistical power. In the present
study, we circumvented this shortcoming, and all trials could be used
for statistical analyses. In addition to CS-evoked SCRs, we also analyzed
responses to the US.

2.6. ECG data acquisition and analyses

For ECG, two Ag/AgCl electrodes (4-mm diameter) were filled with
liquid gel and placed in Lead II configuration (right arm and left leg).
Preprocessing of ECG data was performed in BrainVision Analyzer 2.1.2
(Brain Products, Munich, Germany). Raw ECG data were band-pass fil-
tered (1-30 Hz, signal amplitude is attenuated by 3 dB at cutoff fre-
quencies, 4th order Butterworth filter, 24 dB/octave roll-off) and notch
filtered (50 + 2.5 Hz, 16th order Butterworth filter, 96 dB/octave roll-
off) offline. Afterward, R-spikes were detected automatically with the
ECG Markers Solution in BrainVision Analyzer 2.1.2 (Brain Products,
Munich, Germany), ECG data were manually checked for artifacts, and
R-spikes were corrected if necessary. Then, we calculated a continu-
ous heart period trace using custom-made MATLAB scripts (MATLAB
9.2; MathWorks, Natick, MA/USA). In particular, the ECG was con-
verted to a time course of interbeat intervals (IBIs), and each IBI time
point represents the latency between the pre- and succeeding R-spike
in ms (Mueller et al., 2013). Next, this IBI time series was segmented
into epochs ranging from —1 to 10 s relative to the onset of the CS,
baseline-corrected relative to 1 s pre-CS, and averaged across trials for
each CS type. In fear conditioning experiments, heart rate responses
to a CS typically display a three-phasic response pattern (Lipp, 2006),
starting with an initial heart rate deceleration (D1), followed by a tran-
sient acceleration (A) and a second deceleration (D2). Fear conditioning
evokes a larger second deceleration component for CS+ compared with
CS- (Notterman et al., 1952; Deane and Zeaman, 1958; Panitz et al.,
2015). To analyze CS-evoked fear bradycardia, the maximum IBI value
for the D2 period, which typically coterminates with the onset of the US
(Deane and Zeaman, 1958), was extracted from 4 to 8 s after CS onset. If
the distance between CS and US onsets is too short, fear-conditioned de-
celeration effects can be attenuated by the preceding acceleration com-
ponent. As described above, we used a rather long CS-US interval, which
allows to reliably disentangle decelerative (D2) from accelerative (A)
cardiac responses. Fear bradycardia usually overlaps with the US on-
set (Deane and Zeaman, 1958). To avoid contamination by an evoked
response to the US, we included only unreinforced CS+ trials for the
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acquisition training phases. This approach allowed us to extend the re-
sponse window beyond the US onset. We also analyzed unconditioned
responses, which typically appear as cardiac acceleration (A) to an elec-
trotactile US (Ginsberg and Thysell, 1966; Lipp, 2006; Vila et al., 2007).
To quantify acceleratory responses, the minimum IBI value within 4 s
after US onset was extracted.

2.7. EEG data acquisition and analyses

EEG was recorded using a 64-channel BioSemi Active Two EEG sys-
tem (BioSemi, Amsterdam, The Netherlands), referenced to the common
mode sense (CMS) electrode in a dynamic feedback loop with the driven
right leg (DRL) electrode. The electrodes contained a sintered Ag/AgCl
electrode tip. A schematic illustration of the electrode montage and scalp
coordinates are available at https://doi.org/10.5281/zenodo.4294603.
EEG data were preprocessed in BrainVision Analyzer 2.1.2 (Brain Prod-
ucts, Munich, Germany). Raw EEG data were high-pass filtered (0.5 Hz,
signal amplitude is attenuated by 3 dB at cutoff frequency, 4th order But-
terworth filter, 24 dB/octave roll-off) and notch filtered (50 + 2.5 Hz,
16th order Butterworth filter, 96 dB/octave roll-off) offline. The high-
pass filter was applied to remove slow drifts, which can be caused by
skin potentials (Cohen, 2014), and is required for independent compo-
nent analysis (ICA) to obtain reliable and valid decomposition results
(Winkler et al., 2015; Dimigen, 2020). We confirmed that all results
could be reproduced with different high-pass filter settings (0.5 Hz,
0.1 Hz, 0.01 Hz, no high-pass filter; see Supplementary Material A).
ICA (extended infomax ICA with classic principal component anal-
ysis sphering on the whole artifact-free EEG dataset) was used for
eye-blink/movement correction, and corrupted channels were interpo-
lated using a spherical spline interpolation (Perrin et al., 1989). Af-
terward, data were re-referenced to the average reference. In accor-
dance with prior research (Auerbach et al., 2016; Whitton et al., 2016;
Seligowski et al., 2018; Schroder et al., 2019), we used a semi-automated
procedure to reject artifact intervals, using the following criteria: (a) a
voltage step exceeding 50 'V between two contiguous sampling points,
(b) an absolute voltage difference of more than 150 pV within a pe-
riod of 200 ms, (c) an absolute amplitude lower than —75 pV or higher
than 75 uV, and (d) a maximum voltage difference of less than 0.5 uV
between the maximum and minimum within a period of 100 ms. In ad-
dition to these semi-automated artifact rejection procedures, the EEG
signal was visually inspected for manual artifact identification and re-
moval by an experienced rater. All intervals that contained artifacts in
at least one channel were discarded from further EEG analyses. Infor-
mation on the residual number of trials per CS type after artifact re-
jection is provided in Supplementary Material B (see Supplementary
Fig. S2). Finally, EEG was low-pass filtered (30 Hz, signal amplitude
is attenuated by 3 dB at cutoff frequency, 4th order Butterworth fil-
ter, 24 dB/octave roll-off), and we computed ERPs covering 1000 ms
time-locked to the CS+ and CS- onsets. ERPs were baseline-corrected
(200 ms pre-stimulus) and averaged across trials. We included unrein-
forced and reinforced CS+ trials, as EEG epochs ended before the US
onset. In addition to responses to the CSs, we also assessed US-evoked
ERPs.

Traditionally, ERP analyses have mostly applied standard univari-
ate statistics and compared waveforms at certain channels during
certain time windows, often based on previous literature. However,
this approach neglects the intrinsic correlation structure of EEG data
(Koenig and Melie-Garcia, 2009; Michel and Murray, 2012), which is
related to redundancy in space (correlation of neighboring electrodes)
and time (correlation of neighboring sampling points). This can be prob-
lematic, as traditional methods thereby often miss out on a large amount
of the information which can be obtained from the EEG signal. To
tackle this problem, we applied the so-called topographic analysis of
variance (TANOVA) method (Murray et al., 2008; Koenig and Melie-
Garcia, 2009) in the present study. While retaining statistical rigor,
this multivariate approach considers spatial and temporal information
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from each sensor and sampling point, respectively (Michel and Mur-
ray, 2012).

Furthermore, the exact time windows for statistical analyses on ERP
differences between experimental conditions has often been selected
“based on prior research” (Keil et al., 2014). However, in the fear condi-
tioning literature, investigated ERP components (e.g., C1, P1, LPP) and
exact latency windows vary strongly among studies (Pizzagalli et al.,
2003; Miskovic and Keil, 2012; Ferreira de Sa et al., 2019). In addition,
Luck and Gaspelin (2017) argued that the latency of observed effects
may differ between studies due to low-level sensory factors (e.g., stim-
ulus luminance and discriminability) which are often not standardized
between fear conditioning studies. These discrepancies turn the selec-
tion of ERP components and adequate measurement windows into a
somewhat speculative endeavor which can lead to biased conclusions
(Michel and Murray, 2012; Keil et al., 2014; Clayson et al., 2019). Given
these circumstances, the appropriate selection of relevant time windows
is particularly challenging when validating a new paradigm. Moreover,
if time windows for ERP analyses are selected a priori, effects (e.g., dur-
ing periods of low-amplitude) can easily be overlooked (Murray et al.,
2008).

Therefore, we applied a data-driven approach that aims to assess dif-
ferences in amplitude strength and topography between experimental
conditions. In contrast to “traditional” ERP analyses, this method pro-
vides a more complete insight and does not suffer from an a priori bias
with regard to time windows and electrode locations (Murray et al.,
2008; Michel and Murray, 2012). To identify relevant ERP components
that are modulated by the processing of CS+ compared with CS-, we
analyzed scalp ERP data with spatio-temporal electric field analyses
(Lehmann and Skrandies, 1984; Murray et al., 2008). Importantly, be-
cause we were specifically interested in different electrocortical process-
ing between CS+ and CS-, our goal was to identify continuous periods
during which ERPs and topographic maps significantly differ between
both CS types (Gianotti et al., 2008; Murray et al., 2008; Koenig and
Melie-Garcia, 2009). The data-driven TANOVA method tests for map
differences between conditions and provides a p-value for each time
point of the ERP trace, quantifying the strength of the difference map
between CS+ and CS- conditions (Murray et al., 2008; Koenig and Melie-
Garcia, 2009). Consequently, time windows of contiguous time points
with significant TANOVA results (p < .05) indicate ERP components
that are modulated by CS+ compared with CS-. This method has pre-
viously been used to identify relevant ERP components that reflect
differential electrocortical processing between experimental conditions
(e.g., Lavric et al., 2004; Maurer et al., 2005; Martinovic et al., 2014;
Bailey et al., 2019).

We performed a TANOVA as implemented in the Randomization
Graphical User Interface (RAGU) software package (version 2018-10-16;
Koenig and Melie-Garcia, 2009; Koenig et al., 2011; Habermann et al.,
2018), which is based on MATLAB 9.2 (MathWorks, Natick, MA/USA),
to compare scalp field differences between CS+ and CS- across all EEG
channels and time points. Specifically, RAGU performs randomization
statistics without making any a priori assumptions concerning electrode
sites or time windows. To obtain an accurate estimate of significance at
the 5% level, 5000 randomization runs were performed (Manly, 2007;
Koenig et al., 2011; Habermann et al., 2018). We used global duration
statistics to control for multiple comparisons among time points. There-
fore, the probability for a given effect duration under the null hypothesis
is calculated. This analysis indicates a minimum effect duration contain-
ing time points with p < .05 that needs to be exceeded to reach “overall”
significant TANOVA effects. Note that this approach efficiently controls
for multiple comparisons among time points but results in highly con-
servative significance testing (Habermann et al., 2018). In particular,
periods of early ERP effects are often short-lasting and therefore less
likely to meet the critical duration for reaching significance at this “over-
all” level. Global duration statistics revealed a duration of 56.64 ms for
acquisition and 63.48 ms for extinction, respectively. For day 1 fear con-
ditioning, ERPs were averaged across all acquisition training trials and
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all three stimulus sets to compute the TANOVA. For day 2 fear extinc-
tion, we expected a large conditioned response during the first trials
and a decline toward later trials. Hence, ERPs from only the first extinc-
tion training block (i.e., the first 8 trials) from all three stimulus sets
were averaged for the extinction TANOVA. In addition, we computed
follow-up ANOVAs to explicitly test for the stability of the observed ERP
effects across CS sets. The mean voltage following CS+ and CS- presen-
tations within the time windows that were indicated by TANOVA was
extracted separately for each stimulus set and subjected to Contingency x
Set x Channel (x Hemisphere) ANOVAs. For follow-up statistical analyses,
channels with the largest negative or positive deflection in the grand-
grand average ERP (across CS+ and CS- trials and stimulus sets) were
used.

Map differences between conditions can be produced (1) by a change
in strength of similar generators (“quantitative difference of activa-
tion”), (2) by differences in source orientation or distribution (“quali-
tative difference”), or (3) by a combination of both (Koenig and Melie-
Garcia, 2009; Koenig et al., 2011; Habermann et al., 2018). In the
present study, we were interested in both quantitative and qualita-
tive differences between maps. Thus, our TANOVA approach tested for
both effects, which offers the possibility to detect all (i.e., strength- and
topography-related) systematic electrocortical differences between CS+
and CS- (Maurer et al., 2005). If, however, EEG data are normalized
prior to spatio-temporal TANOVA analyses, significant map effects indi-
cate that partially different sources (“qualitative difference”) gave rise
to scalp differences between conditions (Michel and Murray, 2012). To
explicitly test for the influence of different generators in the brain, we
also computed a second TANOVA on the amplitude-normalized maps
(Koenig and Melie-Garcia, 2009; Koenig et al., 2011; Habermann et al.,
2018). To achieve data normalization, all potential values of a specific
map were divided by its Global Field Power (GFP), i.e., all maps were
scaled to have GFP=1. The GFP, which is calculated as the mean ab-
solute potential difference in the field, represents the spatial standard
deviation across all electrodes at a specific time point and is consid-
ered to be a reference-free measure of response strength (Lehmann and
Skrandies, 1980). Detailed analyses on amplitude-normalized maps are
shown in Supplementary Material C.

2.8. Statistical analyses

For all dependent variables, we computed repeated-measures
ANOVAs with the factors “Contingency” (CS+ versus CS-) and “Set” (CS
set 1, 2, 3; e.g., CS+,/CS-1). Day 1 conditioning and day 2 extinction
were analyzed separately.

For fear conditioning, subjective ratings (valence, arousal, and US ex-
pectancy) collected after each acquisition training phase (ACQ;, ACQ,,
and ACQ3) were used for ANOVAs. Similarly, we used the condition-
specific average for the skin conductance response, fear bradycar-
dia, and EEG amplitude at previously identified spatio-temporal posi-
tions (see above). The validity of the sequential-set fear conditioning
paradigm would be supported by greater fear responses (i.e., higher
subjective ratings, larger physiological responses) for CS+ compared
with CS-, which should be comparable across all three CS sets. Thus,
an increase in conditioned responses throughout fear acquisition train-
ing phases can be interpreted as successful fear conditioning.

For fear extinction, we expected a decline in conditioned responses.
Hence, the factor “Time” referred to the affective CS ratings before and
after each extinction training block, or to the mean physiological CS-
evoked response during the respective extinction training block. For rat-
ings and EEG data, these blocks consisted of eight trials. Due to a better
signal-to-noise ratio for EDA and ECG versus EEG data (e.g., Panitz et al.,
2015; Sperl et al., 2016), only four trials were averaged for peripheral
physiological data to allow for more fine-grain analyses of extinction
learning over time. The validity of sequential-set fear extinction would
be supported by a decline in conditioned fear responses from early to
late blocks for CS sets 1, 2, and 3.
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Our overarching goal was to develop a paradigm that allows study-
ing learning dynamics of neural responses within experimental stages.
To account for more subtle changes in ERP responses across trials, ex-
perimental stages were split into smaller sub-blocks of five (acquisition
training) or four (pre-acquisition and extinction training) trials each.
Collapsing across CS sets allowed us to probe temporal changes in neural
responding across trials. Importantly, this approach leads to (a) an ade-
quate signal-to-noise ratio (through averaging across CS sets) while (b)
creating the possibility to detect temporal changes during learning (be-
cause only a few trials need to be averaged within each CS set). Mean ERP
responses (averaged across CS sets and across EEG channels with signif-
icant effects) were subjected to ANOVAs, including the factors “Contin-
gency” (to compare CS+ with CS-) and “Sub-Block” (to assess temporal
changes during learning). We expected an increase in conditioned elec-
trocortical responses from early to late conditioning. Conversely, differ-
ential responses should decline throughout fear extinction. Polynomial
contrasts were calculated for the Contingency x Sub-Block interactions to
evaluate whether the increase (during fear conditioning) and decrease
(during fear extinction) can be best described by a linear, quadratic, or
cubic trend.

Significant ANOVA interactions involving the factor Contingency
(CS+ versus CS-) were further analyzed using follow-up ANOVAs and
t-tests. Statistical tests on physiological data (EDA, ECG, and EEG)
and subjective data (subjective CS ratings of arousal, valence, and US
expectancy) were performed using SPSS 24 for Windows (IBM, Ar-
monk, NY/USA). To reach statistical significance, p < .05 was required.
The Greenhouse-Geisser (1959) correction was applied for repeated-
measures ANOVAs when the sphericity assumption was not met. Cohen’s
(1988, 1992) d is used to report the effect size of conditioned fear re-
sponses.

2.9. Data and code availability

De-identified data for analyses described in this manuscript along
with a code-book and the data analysis scripts are publicly posted at
https://doi.org/10.5281/zenodo.4294603, and are available online for
interested readers.

3. Results

3.1. Subjective ratings and peripheral physiological data during fear
acquisition

As expected, ANOVAs on subjective ratings of the CS after acquisition
training confirmed successful fear conditioning (Contingency main effect,
see Fig. 2A) with regard to valence, arousal, and US expectancy both
across (F(1,20) > 123.82, all ps < .001, ds > 2.43) and within different
CS+/CS- sets (F(1,20) > 8.45, all ps < .001). Supporting successful fear
learning at the electrodermal level (see Fig. 2B), participants showed
significant SCR increases to the CS+ compared with the CS- (Contin-
gency main effect, F(1,20)=30.53, p < .001, d=1.21). Moreover, indi-
vidual paired-samples t-tests (CS+ versus CS-) for CS set 1 (£(20) = 6.48,
p <.001), set 2 (t(20) =5.37, p < .001), and set 3 (t(20) =4.39, p < .001)
demonstrated higher SCRs during all three successive acquisition train-
ing phases. In line with affective CS ratings and elevated SCRs, a sig-
nificant Contingency main effect (F(1,20)=21.72, p < .001, d=1.17) for
heart period data indicated a successful acquisition of fear-conditioned
bradycardia. Specifically, Fig. 2C shows that CS+ evoked a stronger
cardiac deceleration compared with CS-. Moreover, t-tests within CS
sets confirmed fear-conditioned bradycardia for CS set 1 (£(20)=3.76,
p=.001), set 2 (t(20) =4.16, p < .001), and set 3 (t(20) =3.78, p=.001).

In addition to conditioned fear responses, we were also interested
in unconditioned physiological responses (see Fig. 2B and C). The US
evoked significant SCRs (one-sample t-test, u # 0) during the acquisi-
tion training of CS set 1 (t(20)=6.60, p < .001), set 2 (t(20)=5.99,
p < .001), and set 3 (t(20)=5.76, p < .001). Furthermore, we observed
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A Subjective Ratings of Valence for CS+/- Sets 1, 2, and 3 During Day 1 Sequential-Set Fear Conditioning
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Fig. 2. Subjective and peripheral physiological (electrodermal activity and electrocardiogram) correlates of day 1 sequential-set fear conditioning. Conditioned and
unconditioned responses are plotted separately for the three conditioned stimulus (CS) sets (e.g., CS+; versus CS-;). (A) Ratings of CS-associated valence indicated
that CS+ compared with CS- was associated with more negative valence for all three CS sets. Participants were asked to indicate their current feeling (0 = “very good”
to 100 =“very bad”) when looking at the faces. The results for ratings of arousal and US expectancy were similar. Violin plots display the frequency distribution
of subjective ratings. Individual data points are superimposed on the violin plot, and the median is displayed as a grey horizontal line. (B) Furthermore, the CS+
(versus CS-, upper panels) and the US (lower panels) evoked increased skin conductance response (SCR) amplitudes. (C) While the CS+ (versus CS-, upper panels) is
associated with relative fear bradycardia (i.e., heart period slowing), cardiac responses to the US (lower panels) showed a large acceleration component. Peripheral
physiological responses were similar for all three stimulus sets. To illustrate the time series of CS- and US-evoked changes in peripheral physiological data, SCR and
heart period data (interbeat intervals) were baseline-corrected (1 s pre-CS) and averaged across trials and participants. Only unreinforced CS+ trials were averaged,
which allowed us to display physiological responses beyond the US onset. ***p < .001.
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cardiac acceleration to the US during the first (¢(20) =-8.68, p < .001),
second (t(20) =-7.42, p < .001), and third (¢(20)=-8.08, p < .001) ac-
quisition training. Electrodermal (see Fig. 2B) and cardiac (see Fig. 2C)
unconditioned responses did not habituate and were similar for each of
the three CS sets (no repeated-measures effects of Set, all ps > .554).

3.2. Subjective ratings and peripheral physiological data during fear
extinction

The Contingency x Set x Time ANOVAs for subjective CS ratings dur-
ing the extinction stage revealed significant Contingency x Time interac-
tions for valence (F(3,60) =48.45, p < .001), arousal (F(3,60) =49.52,
p < .001), and US expectancy (F(3,60) =59.58, p < .001) ratings, indi-
cating successful extinction learning for each CS set (see Fig. 3A). Al-
though differences between CS+ and CS- were not completely absent at
the end of extinction training, differential fear responses diminished in
each of the three CS sets. Analyses of CS-evoked SCRs (F(10,200) = 4.26,
p=.002) and heart period changes (F(10,200) =2.56, p=.006) yielded
significant Contingency x Time x Set interactions, reflecting extinction
learning (decline of conditioned responses across trials) and habitua-
tion (decline across CS sets). As intended, the transition to trials of a
new CS set induced “dishabituation”, and we observed a successful fear
recall during early extinction training for each CS set. Specifically, SCRs
(see Fig. 3B) were elevated for CS+ compared with CS- during the first
four extinction training trials for CS set 1 (£(20) =5.68, p < .001), set 2
(t(20) =3.90, p=.001), and set 3 (t(20) =2.27, p=.035). Likewise, CS+
versus CS- was associated with cardiac deceleration (see Fig. 3C) during
the first four extinction training trials for CS set 1 (t(20) =2.22,p=.038),
set 2 (t(20) =3.62, p=.002), and set 3 (t(20) =2.28, p=.034).

3.3. EEG: ERP components during fear acquisition

For day 1 fear conditioning, the TANOVA identified three time win-
dows with continuously significant differences between ERP maps for
CS+ and CS- (see Fig. 4A): (a) 33-60 ms' (b) 108-200 ms, and (c) 468
820 ms after CS onset. Supporting its validity, our data-driven approach
tapped into latencies that overlap with periods reported in previous
fear conditioning studies with “traditional” EEG methods (Miskovic and
Keil, 2012; Panitz et al., 2015, 2018). A second TANOVA on the
amplitude-normalized maps (see Supplementary Material C) indicated
that different intracranial brain generators contributed to the effects in
each of the three time windows (see Supplementary Fig. S3).

33-60 ms post-CS. As indicated in Fig. 4A, the TANOVA for con-
ditioning revealed significant differences between ERP maps following
CS+ versus CS- as early as 33 to 60 ms after stimulus onset (averaged
across the significant time window: TANOVA p =.006). The grand-grand
average ERP (across CS+ and CS- trials and stimulus sets) showed a
widespread negativity at centro-parietal electrode sites, in particular
at channels CP1, CPz, CP2, P1, Pz, P2, and POz. Thus, mean voltages
at these channels were used to compute a Contingency x Set x Channel
follow-up ANOVA. A significant Contingency main effect (F(1,20) =4.70,
p=.042) confirmed more negative ERP amplitudes for CS+ compared
with CS- (see Fig. 4B). Separate Contingency x Channel ANOVAs for each

1 Although this period did not exceed the more conservative duration cri-
terion, previous literature (e.g., Stolarova et al., 2006; Hintze et al., 2014;
Mueller and Pizzagalli, 2016; Thigpen et al., 2017) leads us to reasonably expect
that fear conditioning modulates such rapid short-lasting neural responses. For
TANOVAEs, it has been recommended that global duration statistics (indicating
“overall” significance) should be treated as “overly conservative in light of pre-
existing knowledge about the functional correlates of certain analysis periods”
(Habermann et al., 2018). With regard to early-latency ERP modulations (as the
present effect), which tend to be of a shorter duration, global duration statistics
are particularly conservative. During 33-60 ms, the TANOVA showed a signifi-
cant difference between CS+ and CS- topographies that did not exceed the more
conservative overall duration threshold of 56.64 ms.
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of the three CS sets did not reach significance (all ps > .102). This out-
come mirrors previous findings that fear conditioning effects on short-
latency sensory processing require a massive number of acquisition tri-
als to be detected (Stolarova et al., 2006; Miskovic and Keil, 2012;
Thigpen et al., 2017).

108-200 ms post-CS. The TANOVA further revealed significant dif-
ferences between CS+ and CS- maps from 108 to 200 ms after stimulus
onset (averaged across the significant time window: TANOVA p < .001,
see Fig. 4A), which survived the duration threshold. This time window
comprises a relatively long period, containing a short positive deflection
and followed by a more sustained negative deflection. This response pat-
tern was particularly pronounced over occipito-temporal electrode sites.
A follow-up ANOVA was conducted at occipito-temporal channels over
the left (T7, C5, TP7, CP5, P7, P5, PO7, PO3) and right (T8, C6, TPS,
CP6, P8, P6, PO8, PO4) hemisphere. Including the factor Hemisphere al-
lowed us to control for lateralization (Caharel et al., 2009; Rossion and
Jacques, 2012). This Contingency x Set x Channel x Hemisphere ANOVA
yielded a significant Contingency main effect (F(1,20) =23.91, p < .001)
and a significant Contingency x Channel interaction (F(7,140)=10.17,
p < .001). The effects were comparable across CS sets and hemispheres
(ps for interactions > .266). To further assess the significant interaction
with the factor Channel, paired-samples t-tests were computed for indi-
vidual EEG channels and indicated a more negative ERP amplitude for
CS+ compared with CS- at CP5 (p=.008), P7 (p < .001), P5 (p < .001),
PO7 (p=.001), and PO3 (p =.001) over the left hemisphere, as well as
at P8 (p=.014), P6 (p < .001), PO8 (p < .001), and PO4 (p < .001) over
the right hemisphere (see Fig. 4C). In addition, we computed follow-
up Contingency x Channel x Hemisphere ANOVAs for individual CS sets
(see Fig. 5A). For the first CS set, a significant Contingency main effect
(F(1,20) =6.06, p =.023) and a significant Contingency x Channel interac-
tion (F(7,140) = 3.76, p=.030) confirmed more negative amplitudes for
CS+ versus CS-, particularly at parietal and parieto-occipital channels.
Likewise, the ANOVA for the second CS set yielded a significant Con-
tingency main effect (F(1,20) =10.66, p=.004) and a significant Contin-
gency x Channel interaction (F(7,140) = 4.99 p =.016). Finally, there was
a significant Contingency main effect for the third CS set (F(1,20) =4.72,
p=.042). In summary, our data emphasize the acquisition of a robust
conditioned electrocortical response during this period for each of the
three CS sets.

468-820 ms post-CS. Finally, the TANOVA showed that CS+ and
CS- maps significantly differed from 468 to 820 ms after stimulus on-
set (averaged across the significant time window: TANOVA p < .001,
see Fig. 4A), which also survived the duration threshold for overall
significance. During this period, the grand-grand average ERP showed
strong and sustained positivity at parieto-occipital electrode sites. For
follow-up statistical analyses, parieto-occipital channels P1, Pz, P2, PO3,
POz, PO4, O1, Oz, and O2 were used, where the late positive voltage
deflection was maximal. The follow-up ANOVA including the factors
Contingency x Set x Channel revealed a significant Contingency main ef-
fect (F(1,20)=15.24, p=.001), indicating a larger positive deflection
for CS+ compared with CS-, as shown in Fig. 4D. Paired-samples t-
tests confirmed significant effects for all individual EEG channels that
were included in the ANOVA. ERP effects in this time window were
comparable across CS sets (ps for interactions > .129). Furthermore,
to explicitly confirm ERP modulations for all stimulus sets, separate
follow-up Contingency x Channel ANOVAs for individual CS sets were
carried out (see Fig. 5B). We confirmed a significantly larger posi-
tive deflection for CS+ compared with CS- for CS set 1 (Contingency x
Channel interaction, F(8,160) =2.58, p=.044), set 2 (Contingency main
effect, F(1,20)=16.75, p=.001), and set 3 (Contingency main effect,
F(1,20)=6.22, p=.021).

ERPs evoked by the US. During acquisition training, the US was asso-
ciated with a robust negative deflection from 50 to 200 ms (see Fig. 6A),
followed by a positive deflection from 200 to 350 ms after stimulus onset
(see Fig. 6B). The initial negativity was largest at fronto-central chan-
nels FC1, FCz, FC2, C1, Cz, and C2 (see Fig. 6C). A Channel x Set ANOVA
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A Subjective Ratings for CS+/- Sets 1, 2, and 3 During Day 2 Sequential-Set Fear Extinction
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Fig. 3. Subjective and peripheral physiological (electrodermal activity and electrocardiogram) correlates of day 2 sequential-set fear extinction. Conditioned re-
sponses are plotted for (A) ratings of CS-associated valence (0 =“very good”, 100 = “very bad”), arousal (0 =“not aroused at all”, 100 = “extremely aroused”), and
US expectancy (0% = “US will definitely not coterminate”, 100% = “US will definitely coterminate”), (B) CS-evoked SCR amplitudes, and (C) CS-related heart period
slowing (fear bradycardia). Conditioned responses are shown separately for the three CS sets (e.g., CS+; versus CS-;). Subjective ratings were collected before each
extinction training phase and after blocks of eight trials each. Blocks for peripheral physiological data consisted of four trials each. Line charts display mean values
+ within-subject standard errors of the mean (SEM, O’Brien and Cousineau, 2014). ***p <.001, **p < .01, *p < .05.
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A Topographic Analysis of Variance (TANOVA) for Significant ERP Map Differences CS+ vs. CS— During Day 1
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B ERP Wave 33-60 ms post-CS During Day 1 Sequential-Set Fear Conditioning
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Fig. 4. Event-related potential (ERP) responses evoked by CS+ compared with CS- during day 1 sequential-set fear conditioning. (A) The topographic analysis of
variance (TANOVA) indicated that topographic maps were significantly different for CS+ compared with CS- during the 33-60 ms, 108-200 ms, and 468-820 ms
periods (i.e., ps < .05, gray-shaded area). The last time window was interrupted by a short period (719-730 ms) with .05 < p < .08 (shaded in gray and white).
(B) During 33-60 ms, the ERP amplitude was significantly more negative for CS+ compared with CS- at centro-parietal electrode sites (left panel). To visualize
ERP waveforms (right panel), the electrode sites CP1, CPz, CP2, P1, Pz, P2, and POz were averaged (channels are shown as white dots in the t-map). (C) During
108-200 ms, the ERP amplitude was significantly more negative at occipito-temporal channels for CS+ versus CS-. The ANOVA on occipito-temporal ERP amplitudes
yielded a significant Contingency x Channel interaction, and significantly more negative amplitudes for CS+ compared with CS- occurred at CP5, P7, P5, PO7, and PO3
over the left hemisphere, as well as at P8, P6, PO8, and PO4 over the right hemisphere (channels are shown as white dots in the t-map). To visualize ERP waveforms
(right panel), electrodes with significant effects were averaged. (D) During 468-820 ms, the ERP amplitude was significantly more positive at parieto-occipital
channels for CS+ versus CS- (left panel). To visualize ERP waveforms (right panel), the electrode sites P1, Pz, P2, PO3, POz, PO4, O1, Oz, and O2 were averaged
(channels are shown as white dots in the t-map, significant effects could be confirmed at all electrode sites). The gray-shaded areas in panels B, C, and D indicate the
measurement windows for ERP amplitudes. “L” =left hemisphere, “R” =right hemisphere. Note: A schematic illustration of the EEG montage with electrode labels is
available at https://doi.org/10.5281/zenodo.4294603.
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A ERP Wave 108-200 ms post-CS for CS+/- Sets 1, 2, and 3 During Day 1 Sequential-Set Fear Conditioning
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Fig. 5. Event-related potential (ERP) responses evoked by CS+ compared with CS- during day 1 sequential-set fear conditioning were comparable across the three
stimulus sets. (A) The ERP amplitude during 108-200 ms after CS onset was significantly more negative for CS+ compared with CS- in all three CS sets. The
Contingency x Set x Channel x Hemisphere ANOVA yielded a significant Contingency x Channel interaction, and the ERP amplitudes were significantly more negative
for CS+ compared with CS- at CP5, P7, P5, PO7, and PO3 over the left hemisphere, as well as at P8, P6, PO8, and PO4 over the right hemisphere. To visualize
ERP waveforms during this period, electrodes with significant effects were averaged. (B) The ERP amplitude during 468-820 ms time-locked to the CS onset was
significantly more positive for CS+ compared with CS- in all three CS sets. To visualize ERP waveforms, the parieto-occipital electrode sites P1, Pz, P2, PO3, POz,
P04, 01, Oz, and O2 were averaged (significant effects could be confirmed at all electrode sites). In the upper panels, violin plots display the frequency distribution
of the ERP data. Individual data points are superimposed on the violin plot, and the median is displayed as a grey horizontal line. In the lower panels, the time series
of CS-evoked changes in voltage (relative to baseline) are shown. Gray-shaded areas indicate time windows for statistical analyses. ***p < .001, **p < .01, *p < .05.
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A Voltage Map 50-200 ms post-US
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B Voltage Map 200-350 ms post-US
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Fig. 6. Event-related potential (ERP) responses evoked by the US during day 1 sequential-set fear conditioning were comparable across the three acquisition training
phases for CS set 1, set 2, and set 3. The US was associated (A) with a large fronto-central negative deflection from 50 to 200 ms, followed by a (B) centro-parietal
positive deflection from 200 to 350 ms after stimulus onset (gray-shaded areas). (C) To visualize ERP waveforms during the 50-200 ms period, the electrode sites
FC1, FCz, FC2, C1, Cz, and C2 were averaged (channels are shown as white dots in the voltage map). (D) To visualize ERP waveforms during the 200-350 ms period,
the electrode sites C1, Cz, C2, CP1, CPz, CP2, P1, Pz, and P2 were averaged (channels are shown as white dots in the voltage map). “L” = left hemisphere, “R” =
right hemisphere. Note: A schematic illustration of the EEG montage with electrode labels is available at https://doi.org/10.5281/zenod0.4294603.

showed a significant main effect of Channel (F(5,100) =8.27, p < .001).
Effects were most substantial at midline channels, and extended mainly
to channels over the right hemisphere (see Fig. 6A), consistent with pre-
vious research indicating enhanced amplitudes during this period over
channels contralateral to the hand receiving electric shocks (Wang et al.,
2014). Conversely, during the 200-350 ms period, we observed a re-
liable positive deflection (see Fig. 6D) at centro-parietal channels C1,
Cz, C2, CP1, CPz, CP2, P1, Pz, and P2. Unconditioned responses during
both time windows did not habituate and were similar across CS sets
(no repeated-measures effects of Set, all ps > .179)

Collectively, ERP analyses revealed that fear conditioning was ac-
companied by enhanced EEG amplitudes for CS+ compared with CS-
during three distinct time windows. Conditioned responses were sim-
ilar across all three CS+/CS- sets. To calculate effect sizes for ANOVA
main effects, the mean values for CS+ and CS- were computed (averaged
across other ANOVA factors). According to Cohen’s (1988, 1992) bench-
mark, participants learned a large electrocortical fear response (CS+
versus CS-) for the 108-200 ms (d=1.11) and 468-820 ms (d=0.85)
time windows, whereas they acquired a medium to large effect for the
33-60 ms period (d=0.47).
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3.4. EEG: ERP components during fear extinction

For day 2 fear extinction, the TANOVA (see Supplementary Mate-
rial D) indicated significant differences between ERP maps for CS+ and
CS- in the time window from 460 to 730 ms after CS onset (averaged
across the significant time window: TANOVA p < .001). An additional
TANOVA on the amplitude-normalized maps confirmed that, similar to
effects during the acquisition stage, different intracranial brain genera-
tors were involved (see Supplementary Fig. S4). In earlier time windows,
the TANOVA did not reach significance and topographies for CS+ and
CS- were comparable.

460-730 ms post-CS. This time window is very similar to the late-
latency period we observed during day 1 fear conditioning. The topog-
raphy of the grand-grand average ERP converged with results from day
1, and we observed a sustained positive deflection at parieto-occipital
electrode sites. Emphasizing the robustness and validity of the condi-
tioned fear response, the TANOVA for the extinction stage suggested
that late-latency conditioning effects, which have already been reported
during day 1, remained significant 24 h later. We computed a Contin-
gency x Set x Channel x Time ANOVA at parieto-occipital channels P1, Pz,
P2, PO3, POz, PO4, 01, Oz, and O2. This analysis confirmed that CS+
evoked a larger positivity compared with CS- (Contingency main effect,
F(1,20) =22.50, p < .001). As expected, a trendwise Contingency x Time
interaction (F(2,40) =2.97, p=.063) indicated that the differential fear
response declined from early to late extinction training, a phenomenon
that supports the formation of a new extinction memory trace. For all
individual EEG channels included in the ANOVA, paired-samples t-tests
confirmed significant effects. Importantly, these late ERP effects during
extinction were comparable across CS sets, and follow-up ANOVAs for
individual sets confirmed significant Contingency main effects for CS set
1 (F(1,20)=16.36, p=.001), set 2 (F(1,20)=11.33, p=.003), and set 3
(F(1,20)=14.33, p=.001). Accordingly, slow-wave conditioning effects
remained significant 24 h after fear conditioning.

3.5. EEG: learning dynamics of ERP effects as revealed by block-wise
analyses after averaging across CS sets

Due to the relatively low signal-to-noise ratio of EEG signals, aver-
aging across a large number of trials is necessary to detect ERP signa-
tures of fear conditioning (Miskovic and Keil, 2012; Steinberg et al.,
2013; Huffmeijer et al., 2014). However, such aggregations will wash
out temporal changes in neural responding over time (Ferreira de Sa
et al., 2019). In fact, given that the subjective expectancy regarding the
CS-US contingency is changing throughout learning, we assume that
neural fear responses are not stable across all trials. Instead, differen-
tial conditioned responses rise from early to late conditioning and de-
cline from early to late extinction learning. This fact has often been
ignored in conventional EEG studies (Miskovic and Keil, 2012). In con-
trast, sequential-set conditioning allows us to average across CS sets at
specific time points in the conditioning stage, creating the possibility
to tap into more transient neurophysiological processes and to detect
temporal changes during learning with a sufficient signal-to-noise ratio.

To detect changes over time, the acquisition training phases were
split into three sub-blocks of five trials each. In a similar way, the extinc-
tion training phases were split into six sub-blocks of four trials each. To
control for EEG responses before conditioning, the four pre-acquisition
trials were also averaged. Despite averaging only a small number of
trials within each stimulus set (e.g., five trials during conditioning), av-
eraging across all three CS sets triples the number of trials. As reported
above, the acquisition ANOVA for the 108-200 ms period yielded a sig-
nificant Contingency x Channel interaction, while statistical analyses for
the 33-60 ms and 468-820 ms periods showed comparable effects for all
channels included in the ANOVAs. To analyze temporal changes during
learning, electrodes with significant effects were averaged. Importantly,
these analyses on learning dynamics of EEG effects revealed a linear
growth of electrocortical fear responses from early to late conditioning.
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Differential EEG responses during 33-60 ms after CS onset increased
throughout fear acquisition trials, as indicated in Fig. 7A. Specifically,
a polynomial trend analysis showed that differential fear responses fol-
lowed a linear growth curve (linear trend for the Contingency x Sub-Block
interaction: F(1,20)=7.33, p=.014). There was no difference during
pre-acquisition (t(20) = 0.90, p=.381), but ERP responses were signifi-
cantly larger (i.e., more negative) during the last five acquisition train-
ing trials (£(20) =-3.70, p = .001). Likewise, effect sizes increased step by
step (see blue bars in Fig. 7A), and we observed a large effect (d=0.81)
toward the end of conditioning.

There was a similar pattern 108-200 ms after CS onset (see Fig. 7B).
Differential fear responses increased from early to late conditioning (lin-
ear trend for the Contingency x Sub-Block interaction: F(1,20)=9.60,
p=.006). During the pre-acquisition trials, there was no difference be-
tween ERP responses to CS+ and CS- (t(20) = 1.60, p =.126). Conversely,
CS+ compared with CS- evoked a significantly larger negativity dur-
ing the last four acquisition trials (t(20) =-3.12, p=.005). Effect sizes
showed a sharp rise during the first five acquisition training trials and
reached a plateau with notably smaller subsequent changes (see blue
bars in Fig. 7B).

Finally, conditioned fear responses during the 468-820 ms post-
CS period (see Fig. 7C and E) also followed a linear learning curve,
and polynomial analyses confirmed a linear trend for the Contingency
x Sub-Block interaction (F(1,20)=21.64, p < .001). While CS-evoked
ERPs were comparable during the pre-acquisition trials (¢(20) =-1.08,
p=.294), CS+ versus CS- led to a significantly stronger positivity to-
ward the end of acquisition training (t(20) = 3.68, p=.001). Effect sizes
constantly increased during fear conditioning (see blue bars in Fig. 7C).

Twenty-four hours later, no effects could be detected for short-
and mid-latency ERPs (see Supplementary Material E), suggesting that
sensory processing was similar for CS+ and CS-. However, differen-
tial fear responses in the late-latency period from 460 to 730 ms
(see Fig. 7D and F) gradually diminished from early to late extinc-
tion learning (linear trend for the Contingency x Sub-Block interaction:
F(1,20) =8.80, p=.008). Specifically, CS+ compared with CS- evoked a
significantly larger positivity during the first four extinction training tri-
als (t(20) =4.64, p < .001). Differential fear responses vanished toward
the end of extinction training (t(20) =0.93, p=.362). Similarly, effect
sizes successively declined from trial to trial during extinction training
(see blue bars in Fig. 7D).

4. Discussion

Fear conditioning and extinction describe learning processes during
which fear responses increase and decrease over time, respectively. The
overarching goal of this study was to reconstruct the learning curves of
neural processes during fear conditioning and extinction in humans. To
date, several studies have investigated ERPs during fear conditioning
(Miskovic and Keil, 2012), but little is known about how electrocorti-
cal signatures gradually evolve from trial to trial. The relatively poor
signal-to-noise ratio of EEG recordings requires averaging across a high
number of trials, a factor that impedes the analysis of fear learning from
one moment to another (Steinberg et al., 2013; Huffmeijer et al., 2014).
However, the informational value of CS+ and CS-, which is critical
for learning, is changing during learning (Rescorla and Wagner, 1972;
Tzovara et al., 2018) because the associative strength between CS+ and
the US is gradually increasing (conditioning) or decreasing (extinction).
Neurophysiological processes that are responsible for the initial acqui-
sition of CS-US contingencies show a fast habituation pattern over time
(Yin et al., 2018). Thus, neural responses that are specific for the forma-
tion of fear memories are particularly pronounced during early learning
phases (Biichel et al., 1998; LaBar et al., 1998). Accordingly, neuro-
physiological indices of fear are supposed to change across trials due to
learning (i.e., due to changes in associative strength) and habituation
(i.e., due to repeated stimulation). A suitable paradigm that allows one
to investigate neural dynamics of fear learning has been missing so far.
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Fig. 7. To detect changes over time, the acquisition and extinction training phases were split into smaller sub-blocks of five (acquisition) or four (pre-acquisition and
extinction) trials each. Averaging across trials from all three conditioned stimulus (CS+/CS-) sets allows studying the increase and decrease of A ERPs (CS+ versus
CS-) during fear conditioning and extinction, respectively. Conditioned EEG responses during the (A) 33-60 ms, (B) 108-200 ms, and (C, E) 468-820 ms periods
increased from early to late fear conditioning (day 1). Conversely, conditioned responses during (D, F) 460-730 ms decreased from early to late extinction (day 2).
Line charts (A-D) show the mean voltage for CS+ and CS- for each sub-block (+ within-subject SEM, O’Brien and Cousineau, 2014). Blue bars indicate how effect

sizes (Cohen’s d, plotted on the right y-axis) for conditioned electrocortical responses increased during fear conditioning (A-C) and decreased during fear extinction
(D). ***p < .001, **p < .01, *p < .05.
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Here, we fill this gap by providing evidence about transient changes
in EEG responses during fear conditioning and extinction using a new
sequential-set fear conditioning paradigm. To minimize attenuation of
fear responses across trials, fear conditioning and extinction consist of
three successive phases. For each phase, a novel CS+/CS- set is used.
Importantly, changes in neural responding between smaller subsets of
trials emerge after averaging across CS sets.

During fear conditioning, all reported measures pointed toward a
similarly strong conditioned response for CS sets 1, 2, and 3. Consis-
tent with prior research (Bradley et al., 2005; Castegnetti et al., 2016;
Marin et al., 2020), CS+ versus CS- evoked elevated skin conductance
responses and relative fear bradycardia, reflecting heightened physi-
ological arousal and vigilance in anticipation of the US (Davis and
Lang, 2003; Low et al., 2015). Peripheral physiological responses to
the CS+ may thus be interpreted as an indicator that on-going behav-
ior was interrupted and attention was oriented toward the threat cues
(Blanchard et al., 2011), which can be critical for survival (Mobbs et al.,
2015). On the subjective level, CS+ compared with CS- was associated
with higher ratings of negative valence, arousal, and US expectancy.
Concerning EEG data, we did not have any a priori constraints and ap-
plied a data-driven approach to identify ERP components that are mod-
ulated by fear learning. Demonstrating the suitability of our paradigm
to assess EEG responses to threat, we captured short-, mid-, and long-
latency electrocortical processes. Specifically, CS+ compared with CS-
elicited elevated ERP amplitudes during the 33-60 ms, 108-200 ms,
and 468-820 ms periods. Our results suggest preferential and facilitated
processing of aversive cues during various stages. Consistent with the
conceptualization of a “threat sensitization” hypothesis (Bublatzky and
Schupp, 2012), fear conditioning seems to prioritize neural transmission
and enhance selective attention toward signals of danger. Notably, after
averaging across CS sets, we were able to reconstruct learning curves
for ERPs in these periods.

It is important to point out that relevant time windows for ERP anal-
yses were derived from a data-driven approach. In contrast, ERP com-
ponents are usually defined based on distinct electrophysiological prop-
erties (latency, polarity, amplitude, topography). ERP components are
often conceptualized as peaks in the observed scalp waveform. However,
this practice can be problematic, as underlying “latent” components may
differ (Luck, 2014). Underlying components are considered to be neural
processes which sum together and produce an ERP wave that can be
measured with electrodes on the scalp (Luck and Kappenman, 2019).
Though, it is important to remember that multiple underlying compo-
nents mix in the scalp ERP waveform, which are difficult to disentangle.
If an ERP component is quantified based on a pre-defined measurement
window, it is most likely that EEG activity during this period is related to
multiple underlying “latent” components. In addition, important effects
may be missed if the analysis is limited to specific periods. Here, we cir-
cumvented this problem and used a data-driven approach to isolate time
windows that are relevant for fear conditioning and extinction. Specifi-
cally, we computed a TANOVA and explored during which periods ERPs
evoked by the CS+ and CS- differed in response strength and topogra-
phy. Compared with “traditional” ERP analyses, this approach is much
more flexible and powerful, as all electrodes and time frames are con-
sidered. There is no simple or one-to-one mapping between TANOVA-
derived periods and “traditionally” defined ERP waves. Nevertheless,
effects may overlap partly. In order to link our findings with the pre-
vious fear conditioning literature, it is helpful to speculate which ERP
components might be involved during the time windows reported in the
present study. Sketching out relationships between specific ERP periods
and different brain functions allows to draw inference about how threat-
ening cues guide attention and processing speed (Bublatzky et al., 2010;
Bublatzky and Schupp, 2012; MacNamara et al., 2013; Klumpp and
Shankman, 2018).

First, we found a more negative ERP amplitude to CS+ versus CS-
as early as 33-60 ms after CS onset, suggesting rapid detection of fear-
conditioned stimuli and privileged signal transmission during the earli-
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est processing stages. Some previous EEG studies demonstrated that fear
conditioning can modulate already early processing in visual cortices
(Stolarova et al., 2006; Hintze et al., 2014; Mueller and Pizzagalli, 2016;
Thigpen et al., 2017). Mirroring the results of our data-driven ap-
proach, amplified neural responses to visual fear-conditioned stimuli
have been reported as early as 30-60 ms (Morel et al., 2012), 41-55 ms
(Mueller and Pizzagalli, 2016), and 50-80 ms (Steinberg et al., 2012,
2013). Subcortical brain regions may be closely linked with perceptual
areas (Freese and Amaral, 2005; Chen et al., 2009; Pourtois et al., 2013)
and initially gate threat processing in visual regions (Vuilleumier et al.,
2004; Rotshtein et al., 2010). Research in macaque monkeys revealed a
substantial modulatory control of amygdaloid projections over process-
ing in sensory pathways (Amaral et al., 2003), which may thereby boost
early brain responses to emotional information (Vuilleumier, 2009).
Over the course of learning, plastic changes in primary visual cortex
neurons may further lead to a facilitated perception of threat stim-
uli (Keil et al., 2007; McTeague et al., 2015; Thigpen et al., 2017).
Sparsification of neural representations as well as enhanced synaptic
efficiency may explain this successive shift in processing toward neu-
rons with shorter response latencies (Stegmann et al., 2020; Wieser and
Keil, 2020). This interpretation is in line with the idea that fear memory
formation initially involves a widespread neural network, which may
be sharpened across learning trials to involve more specialized neu-
rons in sensory regions (Moratti et al., 2006; Miskovic and Keil, 2012;
Thigpen et al., 2017). Crucially, the learning curve of the 33-60 ms ef-
fects in our data closely mirrors this hypothesis of subsequent visual
cortex plasticity: While there was no significant difference in ERP re-
sponses to CS+ and CS- during early conditioning, we observed a large
differential fear response only during the last five conditioning trials. Af-
ter repeated learning experiences, short-term plasticity may promote bi-
ased perception even in early regions of the visual hierarchy, which have
not been considered to be sensitive for attentional modulations in tradi-
tional models (Gomez Gonzalez et al., 1994; Clark and Hillyard, 1996;
Anderson, 2011). Linking this effect to “classical” ERP components is
challenging. The C1 wave is considered to be one of the earliest visual
ERP components and is thought to be generated mainly in the primary
visual cortex (Jeffreys and Axford, 1972; Clark et al., 1994; Rauss et al.,
2011). The C1 wave typically starts 40-60 ms and peaks 80-100 ms
after stimulus onset (Luck, 2014). In the present study, we found an ef-
fect beginning at 33 ms already, which is earlier compared to genuine
C1 waves described in the literature. However, animal studies report
that the earliest visual response latencies in the macaque primary vi-
sual cortex start around 35 ms after stimulus onset (Lamme and Roelf-
sema, 2000). Using intracerebral ERP recordings in epileptic patients,
Kirchner et al. (2009) demonstrated that sensory characteristics of vi-
sual stimuli can modulate neural activity during ultra-rapid latencies
between 45 and 60 ms after stimulus onset. Furthermore, electromag-
netic studies in humans suggest discriminative processing of face stim-
uli during very early latencies of 30-60 ms (Braeutigam et al., 2001)
and 40-50 ms (Morel et al., 2009). Responses to non-face stimuli were
weaker and less widespread (Braeutigam et al., 2001), suggesting that a
fast detection of face stimuli has been of particular relevance in the evo-
lutionary past (Kret and Gelder, 2012). Our findings emphasize that fear
conditioning can boost the earliest stages of visual processing, which
may either be related to subcortical projections or — during later tri-
als — reflect an ultra-rapid feed-forward flow of sensory information
(Pourtois et al., 2013; Thigpen et al., 2017).

Second, fear conditioning was associated with potentiated ERP am-
plitudes between 108 and 200 ms after CS onset, which may reflect
privileged sensory processing of threat in extrastriate regions (Clark and
Hillyard, 1996; Linkenkaer-Hansen et al., 1998). This is a relatively
broad time window, which includes the typical latencies of the P1
and N170 ERP components (Desjardins and Segalowitz, 2013). During
this period, CS+ versus CS- faces evoked more negative amplitudes at
occipito-temporal channels, corresponding to the typical scalp distribu-
tion of these components (Eimer, 2011; Rossion and Jacques, 2012;



M.F.J. Sperl, A. Wroblewski, M. Mueller et al.

Luck, 2014). Remarkably, our results also demonstrate the temporal
evolution of fear conditioning effects during the 108-200 ms period:
We observed a significantly more negative ERP amplitude for CS+ com-
pared with CS- already during the first five conditioning trials, while
differential effects remained stable and slightly increased over the sub-
sequent course of conditioning. Rotshtein et al. (2010) reported that
amygdala damage leads to diminished ERPs for fearful faces during 100-
150 ms post-stimulus. Considering the crucial role of the amygdalar cir-
cuits for fear conditioning (LeDoux, 2014; Janak and Tye, 2015), we
can assume that this time window is of particular relevance for rapid
threat processing already during early conditioning trials. With regard
to the common ERP literature, our observation during the 108-200 ms
period may be linked to a combination of attenuated (i.e., less positive)
P1 amplitudes and magnified (i.e., more negative) N170 amplitudes.
Effects related to these processes are difficult to disentangle with the
current experimental design. Liu et al. (2012b) showed decreased P1
amplitudes after CS+ versus CS- for well-trained stimulus pairs. Con-
sistent with the prediction error theory of attention during classical
conditioning (Pearce and Hall, 1980), we may speculate that the re-
quired level of attention decreases as the US is fully predicted by the
CS (Liu et al., 2012b). Changes in US expectancy seem to be critical for
learning, especially during early fear conditioning trials (Wills, 2009).
Supporting our interpretation, ERP and eye tracking studies suggest a
correlation between differences in attention and the size of the previ-
ously produced prediction error (Wills et al., 2007; Wills, 2009). In ad-
dition, similar to our findings, Rigoulot et al. (2008) reported a P1 re-
duction for unpleasant compared with neutral pictures. Given that we
used different face stimuli as CSs, it is important to keep in mind that
the 108-200 ms period can also include activity which may be related
to the N170 component. This component is particularly enhanced for
faces (Eimer, 2011; Schweinberger, 2011; Rossion and Jacques, 2012)
and involves face-selective generators (McKone and Robbins, 2011)
from the fusiform gyrus (Gao et al., 2019). Larger (i.e., more nega-
tive) N170 amplitudes for CS+ compared with CS- may reflect height-
ened allocation of attentional resources to fear-conditioned faces, due
to their high evolutionary significance (Kret and Gelder, 2012). While
some studies negated an emotional modulation of the N170 complex
(e.g., Eimer et al., 2003; Holmes et al., 2005), others reported larger
amplitudes for fearful compared with neutral facial expressions (e.g.,
Blau et al., 2007; Schindler et al., 2019). Likewise, some electromag-
netic fear conditioning studies have reported that faces or face-like stim-
uli that signal danger elicit changes in brain activity during the N170
period (Pizzagalli et al., 2003; Steinberg et al., 2012; Levita et al., 2015;
Camfield et al., 2016; Mueller and Pizzagalli, 2016; Watters et al., 2018).

Third, at 468-820 ms from CS onset, CS+ compared with CS- elicited
greater positivity at parieto-occipital EEG channels. The late latency and
topographic distribution make us reasonably assume that effects dur-
ing this period presumably reflect activity of the LPP (Schupp et al.,
2006; Hajcak et al., 2018; Hajcak and Foti, 2020). High arousal and
motivational salience of emotional stimuli consistently evoke ampli-
fied LPP responses, which can persist for hundreds of milliseconds
(Schupp et al., 2006; Hajcak et al., 2018) and are generated in an ex-
tensive cortical and subcortical network (Liu et al., 2012a). A body of
fear conditioning studies (Panitz et al., 2015, 2018; Pastor et al., 2015;
Bacigalupo and Luck, 2018; Seligowski et al., 2018; Ferreira de Sé et al.,
2019; Pavlov and Kotchoubey, 2019; Stolz et al., 2019) has provided ev-
idence that CS+ evokes larger LPP amplitudes than CS-. Amplified LPP
responses for the CS+ can be interpreted as an indicator of stimulus sig-
nificance (Hajcak and Foti, 2020), reflecting elaborative processing and
the activation of a cortico-limbic defensive system (Bradley, 2009). In
terms of “motivated attention”, emotionally arousing stimuli activate
motivational circuits in the brain which are related to survival behav-
ior (e.g., escape, attack) and require a sustained allocation of attentional
resources (Lang et al., 1997; Schupp et al., 2004; Pastor et al., 2008). Ex-
tending previous findings, we observed a stepwise increase of slow-wave
fear responses during conditioning. Our data indicate that effect sizes ac-
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cumulated from trial to trial, and a large fear response was acquired to-
ward the end of conditioning. Together, these findings suggest that sus-
tained attention and elaborative processing of the threat-predicting CS+
(Cuthbert et al., 2000; Nelson et al., 2015b; Weinberg et al., 2015) pro-
gressively gained during learning. In contrast to mid-latency responses,
ERPs from 468 to 820 ms showed a slower increase and were particu-
larly pronounced during late conditioning trials, which may represent
functional differences in attentional processes. During later condition-
ing trials, the uncertainty about the CS-US contingencies gets gradu-
ally reduced and the US becomes reliably predicted by the CS+. Thus,
the danger is getting more imminent (Davis and Lang, 2003; Lang and
Bradley, 2013; Low et al., 2015), which requires the preparation of
defensive threat reactions (Roelofs, 2017). With growing awareness
about the CS-US contingency, motivational top-down factors (e.g., emo-
tional evaluation, cognitive reappraisal and regulation strategies, ac-
tive searching for threat cues) may become more and more important
(Olofsson et al., 2008; Hajcak et al., 2010; Mohanty and Sussman, 2013;
Myruski et al., 2019).

As discussed above, fear conditioning was accompanied by relatively
more negative ERP activity to the CS+ compared with CS- during short-
(33-60 ms) and mid-latency (108-200 ms) periods. Moreover, during
the late-latency period (468-820 ms), this effect basically swaps, and
we observed a more positive amplitude for CS+ versus CS-. Considering
this intriguing dynamic across the three time windows, the late-latency
effect (468-820 ms) was evident as a sustained positivity across parieto-
occipital sites and can thus be reliably interpreted as an indicator of en-
hanced stimulus significance for the CS+, accompanied by sustained al-
location of attentional resources (Hajcak and Foti, 2020). However, the
interpretation of the polarity of effects during the short-latency period
(33-60 ms) is more challenging. Due to the retinotopic organization of
the striate cortex, ERPs within the first 100 ms after stimulus onset can
either appear as a negative or positive voltage deflection, depending on
whether the stimulus was presented in the upper or lower visual field,
respectively (Clark et al., 1994). Here, we observed an early negativity
at centro-parietal channels for the CS+, which was almost absent for the
CS-. Thus, we believe that this effect represents a larger negativity for
CS+ compared with CS-, which can be interpreted as elevated sensory
processing. However, we cannot fully exclude that this effect might be
driven by a reduced positivity for the CS+, which would indicate at-
tenuated sensory processing. This alternative explanation could be ruled
out in future studies if the location of the CS+ and CS- would explicitly
be varied between the upper and lower visual field. During the 108-
200 ms period, the voltage was more negative for CS+ versus CS-. This
time window comprises a relatively long period, which includes neural
processes that may be linked to the P1 and N170 components. Thus,
this effect could be related to a reduced positive deflection, to a larger
negative deflection, or to a combination of both. On the one hand, as
discussed above, an attenuated positivity could indicate that less atten-
tion is required if the US is reliably predicted by the CS+ as fear con-
ditioning proceeds, which would be consistent with the P1 literature
(Liu et al., 2012b). On the other hand, following the N170 literature, a
larger negativity could reflect heightened attentional engagement with
fear-conditioned faces (Eimer, 2000, 2018; Schweinberger, 2011). To
disentangle both processes, future studies should assess whether effects
can be replicated with non-face CSs, which would reduce the influence
of processes that are related to the face-sensitive N170 component.

For day 2, the TANOVA on the first extinction training block (i.e., the
first 8 trials) revealed a larger positivity for CS+ compared with CS- at
parieto-occipital channels between 460 and 730 ms after CS onset. Con-
ditioned responses were similar for extinction phases 1, 2, and 3, under-
lining the robustness of this slow-wave fear response. The latency and
topography of effects during this period converge with the LPP-related
time window that we observed during fear conditioning on day 1. As ex-
pected, LPP-related effects faded over the course of extinction learning.
The decline of this late-latency fear response indicates that less alloca-
tion of attentional resources is required when the CS+ faces no longer
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predict an aversive outcome. Violating the US expectancy (Craske et al.,
2018) seems to be critical for the formation of a new extinction mem-
ory trace (Bouton, 2017), which alters the predictive value (Myers and
Davis, 2007) and stimulus significance (Hajcak and Foti, 2020) of the
CS+. Reduced LPP responses during fear extinction may be related to
top-down inhibitory signaling (Pourtois et al., 2013) from prefrontal
areas (Adhikari et al., 2015; Jayachandran et al., 2019; Marek et al.,
2019), which are crucially involved in extinction learning (Milad and
Quirk, 2012). The decrease of late-latency ERP responses was accompa-
nied by diminished electrodermal and cardiac fear indices. Altogether,
we assume that extinction learning was presumably associated with a
reduction in motivated attention toward the CS+ (Lang et al., 1997;
Schupp et al., 2004; Pastor et al., 2008).

Previous fear conditioning studies were primarily interested in am-
plitude differences between ERPs evoked by CS+ and CS-. Conversely,
topographic differences between conditions have often been ignored
in EEG research (Michel and Murray, 2012). Here, we used a data-
driven TANOVA approach which captures ERP effects that may be
related to differences in both amplitude strength (i.e., amount of si-
multaneously active sources) and topography (i.e., location/orientation
of active sources). Additional analyses on differences between the
amplitude-normalized maps revealed that our ERP effects seem to
be partially related to different generator configurations. Notably,
Murray et al. (2008) hypothesized that stimuli of negative emotional
valence may be processed through a more efficient neural circuit, which
would imply the contribution of (at least partially) different generators.
This interpretation is consistent with our findings, suggesting that fast
and prioritized signaling for fear-conditioned stimuli may, to some ex-
tent, involve segregated neural pathways (LeDoux, 1995, 2000).

Because of their high preparedness for fear conditioning, we used
faces as CSs (Lissek et al., 2005), which seem to be processed in a rapid
and automatic fashion in the human brain (Palermo and Rhodes, 2007;
Tamietto and Gelder, 2010). Due to their evolutionary significance,
a large amount of studies investigated ERPs to face stimuli in order
to uncover attentional processes. In a recent review, Schindler and
Bublatzky (2020) synthesize findings on emotional face processing, and
point out that the influence of attention and emotion on face perception
highly depends on the visual processing stage. The most consistent find-
ing seems to be that attention to fearful faces leads to enhanced P3/LPP
amplitudes (Schindler and Bublatzky, 2020), which may be explained
by a larger impact of controlled attention (Hajcak et al., 2009) on later
processing stages, especially toward potential danger (Schindler et al.,
2020). This observation is complemented by our findings, as we detect
late-latency fear responses during both fear conditioning and fear extinc-
tion stages. In contrast, short- (33-60 ms) and mid-latency (108-200 ms)
ERP modulations emerged only during fear conditioning, but not dur-
ing fear extinction. Mueller and Pizzagalli (2016) reported that remotely
fear-conditioned faces can modulate rapid (< 80 ms) processing in visual
brain regions even one year after acquisition, suggesting that condition-
ing effects might have been less stable in the present study. Furthermore,
early ERP responses could depend more heavily on the threatening na-
ture of the experimental context (Gelder et al., 2006; Muench et al.,
2016), which may differ between conditioning and extinction stages.
Moreover, transient and earlier brain processes may primarily be in-
volved in the acquisition of emotional memories (Ferreira de Sa et al.,
2019), which requires fast adaptation to threat. We assume that fear
conditioning recruits a sensory-vigilance network, which is governed
by the amygdala and fast projections to sensory cortices (Davis and
Whalen, 2001; Sabatinelli et al., 2009; Shackman et al., 2011). Con-
versely, extinction learning seems to be mediated by top-down con-
trolled influences from the prefrontal cortex (Milad and Quirk, 2012;
Adhikari et al., 2015; Marek et al., 2019), which may affect rather late
processing stages (Pourtois et al., 2013).

Taken together, we successfully demonstrated that sequential-set
conditioning prevents habituation to the CSs, and allows to uncover the
learning dynamics of perceptual and attentional processes. In addition
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to CS-evoked responses, we also assessed unconditioned responses. In a
previous study we demonstrated that fear conditioning can be dramati-
cally impaired if the US intensity does not remain high enough through-
out acquisition trials (Sperl et al., 2016). To overcome this problem, the
electrotactile US was applied in a relatively high shock intensity com-
pared with the majority of fear conditioning studies (Sehlmeyer et al.,
2009; Lonsdorf et al., 2017). As intended, peripheral and central phys-
iological responses to the US resisted habituation. We observed a simi-
larly strong unconditioned response during the acquisition trainings of
CS set 1, set 2, and set 3. On the peripheral physiological level, the US
evoked robust SCRs and cardiac acceleration, supporting fight-or-flight
behavior. Replicating previous findings, we demonstrated that the US
evoked an accelerative response (Ginsberg and Thysell, 1966; Lipp and
Vaitl, 1990; Vila et al., 2007; Mueller et al., 2019), while the CS+ (as
discussed above) was associated with relative heart rate deceleration. At
first glance, this divergence between autonomic unconditioned and con-
ditioned responses may seem paradoxical. However, the relative dom-
inance of sympathetically driven acceleration and parasympathetically
dominated deceleration gives critical insight into the functional mean-
ing of attentional changes during different stages of threat proximity
(Obrist, 1976; Davis and Lang, 2003; Low et al., 2015): Anticipation
of threat (decelerative responses to the CS) requires allocation of at-
tentional resources, heightened vigilance, and facilitated sensory intake
(“attentive freezing”). The goal of these attentional mechanisms is to
mobilize and prepare the organism for later action responses (Lang and
Bradley, 2010; Roelofs, 2017). In contrast, when the threat is most im-
minent (accelerative responses to the US), increased systemic activa-
tion and active defensive behavior are required, culminating in overt
fight-or-flight responses (Davis and Lang, 2003; Lang and Bradley, 2013;
Low et al., 2015).

On the neural level, the US evoked a sharp fronto-central negative
deflection from 50 to 200 ms, followed by a broader positive deflec-
tion from 200 to 350 ms which was maximal at rather centro-parietal
electrode sites. These spatiotemporal characteristics match with previ-
ous studies investigating somatosensory ERPs to electrotactile stimuli
(Miltner et al., 1989; Yamaguchi and Knight, 1991; Deguchi et al., 1996;
Christmann et al., 2007; Kenntner-Mabiala et al., 2008; Wang et al.,
2014; Nelson et al., 2015a; Wang and Tian, 2018). Both components
seem to be sensitive to attentional modulations (Zaslansky et al., 1996;
Eimer and Forster, 2003). The early negative complex is assumed
to reflect mainly somatosensory processing of the aversive stimulus
(Apkarian et al., 2005; Christmann et al., 2007). In contrast, the later
positivity, which concurs with the typical P3 period (Yamaguchi and
Knight, 1991), has been linked to rather top-down regulated affective
and cognitive evaluation processing (Christmann et al., 2007; Kenntner-
Mabiala et al., 2008; Valentini et al., 2013). In the present study, ampli-
tudes during both periods were similar for the acquisition trainings of CS
set 1, set 2, and set 3, providing evidence that repeated US presentations
did not weaken somatosensory processing and attentional engagement
with the aversive shock. In sum, peripheral physiology and ERP mark-
ers provide evidence that the US induced elevated arousal and increased
recruitment of attentional resources during all three acquisition train-
ing phases. Importantly, unconditioned responses did not habituate over
time.

Rapid learning about changing threat contingencies allows to pre-
dict harm in the future and can be critical for survival (LeDoux and
Daw, 2018). A crucial goal of attention is to facilitate and accelerate
the detection of potential danger (Mogg and Bradley, 1998; Wieser and
Keil, 2020). Nevertheless, hypervigilance (Parsons and Ressler, 2013),
biased attention toward threat (Burris et al., 2019), delayed attentional
disengagement from threat (Amir et al., 2003), and overgeneralization
of threat to harmless stimuli (Dunsmoor and Paz, 2015; Nelson et al.,
2015b) are core symptoms of several disorders related to clinical fear.
Specifically, patients with anxiety disorders display heightened and less
flexible neural reactivity to threat (Moser et al., 2008; Mueller et al.,
2009; MacNamara and Proudfit, 2014; Kujawa et al., 2015), which may
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also be a meaningful predictor for treatment outcome (Stange et al.,
2017). Furthermore, faster fear conditioning (Lissek et al., 2005) and
delayed fear extinction (Duits et al., 2015) have been discussed as poten-
tial mediators in the etiology of anxiety disorders. Although there is ev-
idence for attentional biases in clinical fear, some studies report contra-
dictory findings (Holmes et al., 2008; Mueller et al., 2009; Weinberg and
Hajcak, 2011; Weinberg et al., 2016). Moreover, the precise temporal
dynamics of attentional threat biases and underlying mechanisms re-
main largely unknown (MacNamara et al., 2013). In the present study,
we introduce sequential-set fear conditioning as a suitable tool to study
the speed of neural threat learning. Thus, our novel paradigm may open
new avenues to explore which processing stages contribute to aberrant
threat processing in pathological fear. This knowledge might, in turn,
lay the foundation to design more focused and tailored interventions to
efficiently reduce pathological processing biases and to improve atten-
tional control (Cisler and Koster, 2010; Wieser and Keil, 2020).

Although our data provide striking insights into the temporal un-
folding of brain circuits during fear learning, there are some limita-
tions. Strengthening the validity of our results, successful fear acqui-
sition could even be probed within individual stimulus sets (e.g., CS+;
versus CS-;). For only the 33-60 ms period, averaging across all CS+/CS-
sets was required to detect significantly enhanced CS+ amplitudes. This
finding converges with our observation that short-latency effects only
occurred during the last five conditioning trials, i.e., the signal-to-noise
ratio is insufficient for a single CS set. It should also be kept in mind
that there are more trials in the extinction training than in the acqui-
sition training. This imbalance impedes the direct comparison between
both experimental stages. Due to the limited spatial resolution of EEG,
anatomical correlates of the reported neural processes remain vague,
and future studies should combine sequential-set conditioning with si-
multaneous EEG-fMRI.

5. Conclusion

In conclusion, sequential-set fear conditioning provides a powerful
design to unravel spatio-temporal dynamics of neural processes during
learning about threats. By averaging across CS+/CS- sets, we guaran-
tee a sufficiently high number of trials to detect changes in associative
strength during learning and to study habituation-probe neural pro-
cesses that are of particular relevance for the formation of emotional
memories. While several studies have investigated electrocortical corre-
lates of fear conditioning (Miskovic and Keil, 2012), the learning curve
of neural processes has so far been neglected in human research. Our
paradigm provides a valuable tool to further our understanding of the
temporal unfolding of early (< 100 ms), mid-latency, and late neural
processes. Developing a more detailed understanding about temporal
characteristics of fear learning may have broad implications on neuro-
biological models of pathological fear and help to identify neurophysi-
ological treatment targets in anxiety and related disorders.
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