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Abstract:

The ability to flexibly adjust one’s threat predictions to meet the current
environmental contingencies is crucial to survival. Nevertheless, its
neural oscillatory correlates remain elusive in humans. Here, we tested
whether changes in theta and alpha brain oscillations mark the updating
of threat predictions and correlate with response of the peripheral
nervous system. To this end, electroencephalogram and electrodermal
activity were recorded in a group of healthy adults, who completed a
Pavlovian threat conditioning task that included an acquisition and a
reversal phase. Both theta and alpha power discriminated between
threat and safety, with each frequency band showing unique patterns of
modulations during acquisition and reversal. While changes in
midcingulate theta power may learn the timing of an upcoming danger,
alpha power may reflect the preparation of the somato-motor system.
Additionally, ventromedial prefrontal cortex theta may play a role in the
inhibition of previously acquired threat responses, when they are no
longer appropriate. Finally, theta and alpha power correlated with skin
conductance response, establishing a direct relationship between
activation of the central and peripheral nervous systems. Taken together
these results highlight the existence of multiple oscillatory systems that
flexibly regulate their activity for the successful expression of threat
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responses in an ever-changing environment.
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Impact statement

The ability to flexibly readjust one’s threat predictions to meet the current environmental contingencies
is crucial to survival. Nevertheless, its neural oscillatory correlates remain elusive in humans. Our
results uncover the role of theta and alpha oscillations in the acquisition and reversal of threat
predictions and their correlation with skin conductance response, establishing a direct relationship
between activation of the central and peripheral nervous systems.
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Theta and alpha rhythms and threat predictions

Theta and alpha power track the acquisition and reversal of threat predictions and correlate
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Abstract

The ability to flexibly adjust one’s threat predictions to meet the current environmental contingencies is
crucial to survival. Nevertheless, its neural oscillatory correlates remain elusive in humans. Here, we
tested whether changes in theta and alpha brain oscillations mark the updating of threat predictions and
correlate with response of the peripheral nervous system. To this end, electroencephalogram and
electrodermal activity were recorded in a group of healthy adults, who completed a Pavlovian threat
conditioning task that included an acquisition and a reversal phase. Both theta and alpha power
discriminated between threat and safety, with each frequency band showing unique patterns of
modulations during acquisition and reversal. While changes in midcingulate theta power may learn the
timing of an upcoming danger, alpha power may reflect the preparation of the somato-motor system.
Additionally, ventromedial prefrontal cortex theta may play a role in the inhibition of previously
acquired threat responses, when they are no longer appropriate. Finally, theta and alpha power
correlated with skin conductance response, establishing a direct relationship between activation of the
central and peripheral nervous systems. Taken together theseeur results highlight the existence of
multiple oscillatory systems that flexibly regulate their activity for the successful expression of threat
responses in an ever-changing environment.
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Accurately predicting impending danger is crucial to survival. Additionally, the ability to flexibly
readjust one’s predictions to meet the current environmental contingencies is equally adaptive,
especially in an ever-changing environment. Indeed, failing to realize that an initially dangerous
stimulus is now a cue for safety may be as costly as the alternative, and the consequences of such
failure are evident in a number of anxiety-related disorders, characterized by persistence of threat
responses even when they are no longer needed (Duits et al., 2015). Such flexibility of threat
predictions can be reliably studied through reversal learning paradigms. In these tasks, after an initial
acquisition phase in which participants learn that one stimulus predicts an aversive outcome while
another stimulus does not, stimulus-outcome contingencies are reversed. The previously safe stimulus
now becomes the threatening one, while the threatening stimulus is now the safe one. Importantly,
acquisition and reversal are distinct processes. While acquisition mainly requires the development of a
threat response to the shock-predicting stimulus, reversal involves greater cognitive control, requiring
the simultaneous inhibition and development of the threat response, as the threat response previously
acquired to one stimulus must be inhibited and targeted elsewhere (Schiller et al., 2008; Schiller &
Delgado, 2010).

Brain rhythms have been identified as a neurophysiological mechanism suitable for the study of
prediction acquisition and updating (Arnal & Giraud, 2012; Tarasi et al., 2022), and theta and alpha
oscillations appear to play a role in the initial acquisition and subsequent recall of threat predictions
(Bierwirth et al., 2021; Mueller et al., 2014; Panitz et al., 2019; Sperl et al., 2019; Yin et al., 2020).
Nevertheless, in humans, no study, to our knowledge, has investigated how brain rhythms change from
the initial acquisition to the subsequent reversal of threat predictions.

In this regard, midcingulate theta frequency (4-8Hz) oscillations show increased power during the
recall of previously acquired threat predictions (Bierwirth et al., 2021; Mueller et al., 2014; Sperl et al.,
2019). Additionally, medial prefrontal cortex (mPFC) theta, including its more ventral portion, shows
increased power to the presentation of stimuli predicting an aversive outcome, relative to control,
during the acquisition of threat predictions (Chen et al., 2021). Indeed, the ventral mPFC is known to
have a crucial role in the acquisition, extinction and reversal of threat predictions (Battaglia et al.,
2020; Fullana et al., 2016, 2018; Morris & Dolan, 2004; Phelps et al., 2004; Savage et al., 2020;
Schiller et al., 2008; Schiller & Delgado, 2010). Besides threat learning, increase in midcingulate theta
power has been observed in response to novelty, conflict (including in task switching) and error
commission (Cavanagh et al., 2010, 2013; Hajihosseini & Holroyd, 2013), such that changes in theta
power have been suggested as a mechanism for the implementation of cognitive control (Cavanagh &
Frank, 2014). Additionally, stimulation of the frontal cortex at theta frequency has been shown to
fasten reversal learning in a gambling task (Wischnewski et al., 2016). Given this evidence, theta
oscillations may have a crucial role not only in the initial acquisition of threat predictions, but also in
the regulation of their expression/inhibition, critical for successful reversal.

Changes in alpha (8-14Hz) frequency oscillations of sensory cortical networks have also been
implicated in threat predictions. For example, decreased alpha power over occipital electrodes has been
found in response to visual conditioned stimuli, during the initial acquisition (Yin et al., 2020) and
subsequent recall (Panitz et al., 2019) of threat learning. Also, greater alpha desynchronization at
somato-motor electrode sites has been found in anticipation of painful somatosensory stimuli (Babiloni
et al., 2003, 2008, 2010, 2014). More broadly, alpha oscillations have been proposed to convey top-
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down sensory predictions (Mayer et al., 2016; Tarasi et al., 2022), and may thus be crucial to enable
enhanced sensory processing of cues associated with danger often observed during threat learning
(Miskovic & Keil, 2012; Riels et al., 2022).

In addition to changes in the response of the central nervous system, threat learning is known to elicit
consistent responses of the autonomic nervous system (Lonsdorf et al., 2017). Among these, the skin
conductance response is the most widely assessed (Bach et al., 2010; Beckers et al., 2013; Lonsdorf et
al., 2019; Ojala & Bach, 2020; Sjouwerman & Lonsdorf, 2019), with extensive literature showing that
the increase in skin conductance response for conditioned stimuli is a robust conditioned response,
evident both during threat learning acquisition (Bach et al., 2010; Lonsdorf et al., 2017) and reversal
(Schiller et al., 2008). Nevertheless, the relationship between changes in skin conductance and brain
rhythms during threat learning remains open for investigation. Indeed, a negative correlation has been
shown between mean alpha power and skin conductance level, at rest, such that alpha has been
proposed to be an arousal measure (Barry et al., 2007). Whether a similar relationship exists also when
anticipating the arrival of an aversive outcome, and whether it pertains also the theta rhythm, remains
to be investigated.

Given this evidence, we-the aim of this study is to identify whether and how changes in theta and alpha
brain oscillations track the acquisition and reversal of threat learning. To this end,
electroencephalogram was recorded in a group of healthy adults, who completed a Pavlovian threat
conditioning task that included an acquisition and a reversal phase. During acquisition, participants
learned to identify a visual stimulus (A) as threatening, i.e. conditioned stimulus (CS+), while another
stimulus (B) served as within-subject control condition (CS-). Thus, presentation of the CS+ co-
terminated with the delivery of an aversive shock (i.e. unconditioned stimulus, US) in 50% of the trials,
while presentation of the CS- never terminated with shock. During reversal, the contingencies were
reversed, such that stimulus A was now the new CS- (old CS+) and stimulus B the new CS+ (old CS-).

An analysis at the level of cortical sources, reconstructed from the EEG signals, was performed to
investigate theta and alpha rhythms in some key regions of interest (ROIs), in particular of the left
hemisphere (contralateral to the side of shock delivery), according to the previous description. We
tested whether the acquisition of threat learning induced an increase in midcingulate and ventral mPFC
theta power (Bierwirth et al., 2021; Chen et al., 2021; Mueller et al., 2014; Sperl et al., 2019) and a
decrease in occipital, somatosensory, and motor alpha power to CS+ relative to CS-, as the CS+
becomes predictive of the US (Babiloni et al., 2003, 2008, 2010, 2014; Panitz et al., 2019; Riels et al.,
2022; Yin et al., 2020). Because previous studies found that the difference between CS+ and CS- in
theta power varied during the time course of CS presentation (Quirk & Mueller, 2008; Sperl et al.,
2019), we also assessed the temporal evolution of changes in power during CS presentation.
Additionally, we tested whether the changes in theta and alpha power are similar between acquisition
and reversal or whether reversal is characterized by unique power modulations. Finally, during the task,
electrodermal activity was also recorded serving two purposes. The first was to have a peripheral
measure of threat learning acquisition and reversal. The second was to test the correlation between
changes in neural response, i.e. theta and alpha, and psychophysiological response during acquisition
and reversal.

Psychophysiology



Page 7 of 32 Psychophysiology

oNOYTULT D WN =

Theta and alpha rhythms and threat predictions

Methods
Participants

Twenty right-handed healthy participants took part in the study. One participant did not complete the
experimental session due to fainting. Thus, nineteen participants completed the study (8 males; age M =
23.48 years, SD = 1.85 years). The study followed the American Psychological Association Ethical
Principles of Psychologists and Code of Conduct and the Declaration of Helsinki and was approved by
the Bioethics Committee of the University of Bologna (Protocol number 71559). All participants
provided written informed consent to participation.

Pavlovian threat acquisition and reversal task. Figure 1 illustrates the experimental task. Two
different Japanese hiragana served as visual stimuli (Starita, Pietrelli, et al., 2019; Starita & di
Pellegrino, 2018). During acquisition, participants learned to identify one hiragana (hiragana A) as
dangerous, i.e. threat conditioned stimulus (CS+), while the other (hiragana B) served as within-subject
control condition (CS-). Thus, presentation of the CS+ co-terminated with the delivery of an aversive
shock (i.e. unconditioned stimulus, US) in 50% of the trials, while presentation of the CS- never
terminated with shock. During reversal, the contingencies were reversed, such that hiragana A was now
the new CS- (old CS+) and hiragana B the new CS+ (old CS-). Hiragana assignment to each CS role
was counterbalanced between participants.

The US consisted of a 2ms aversive electrical shock (Effting & Kindt, 2007; Krypotos et al., 2014,
2015; Starita et al., 2022; Stemerding et al., 2022) generated by a Digitimer Stimulator (Model DS7A,
Digitimer Ltd., UK) and delivered to the participants’ right wrist through pre-gelled Ag/AgClI snapped
electrodes (Friendship Medical, SEAg-S-15000/15x20). The US intensity (M = 43.47mA, SD =
22.41mA) was calibrated for each participant to a level deemed “highly unpleasant, but not painful”
using an ascending staircase procedure (Lonsdorf et al., 2017; Starita et al., 2016, 2022; Starita, Kroes,
et al., 2019). Participants rated the unpleasantness of the shock on a scale ranging from 0 (no sensation)
to 10 (painful). Given that habituation to the US may be an issue due to the high number of
experimental trials (Sperl et al., 2016), the unpleasantness of the shock rating was repeated before the
beginning of each block (block 1 M=8.00, SD=0.47; block 2 M=7.79, SD=0.71; block 3 M=7.63,
SD=1.07; block 4 M=7.47, SD=1.17). A one-way ANOVA on the ratings was conducted to test
whether shock unpleasantness decreased over blocks; this showed no significant effect of block
(p=0.147).

A computer running the OpenSesame software (Mathot et al., 2012) controlled the flow of the task
(Garofalo et al., 2020). On each trial, one hiragana appeared in the center of the computer screen (23.6
inches; resolution: 1440 x 900; refresh rate: 75 Hz). The task was divided into four blocks: acquisition
1 (Acql), acquisition 2 (Acg2), reversal 1 (Revl), reversal 2 (Rev2), and a pause of 5min was taken
between each block. Each block included 40 trials (20 trials per CS) and each CS was presented for 6s
followed by a jittered 11-14s inter-trial interval. Except for the first two acquisition trials that started
with one CS- trial and one reinforced CS+ trial, in random order, trials proceeded in pseudo-random
order, such that no more than two consecutive stimuli of the same type occurred in a row.

At the beginning of each block, participants read the following instructions: “You will see two different
images, which will appear one at a time on the screen. Occasionally, the image may shock you. Your
job is to figure out which image shocks you. Press any key to start.” Note that no information was
provided regarding which image would be associated with the shock, and participants had to learn the
CS-US relationship from experience. Skin conductance and electroencephalogram were continuously
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recorded during each block. At the end of each block, participants completed subjective ratings of CS
valence, shock expectancy, and awareness of the CS-US contingencies (see dependent variables).

A) Trial structure and timeline

ACQUISITION 1 & 2 < REVERSAL 1 &2
AN /- us A\ /- us
X 9& 1 (2ms) ;% X 1 (2ms)
CS- ITI CS+ CS- (old CS+) ITI CS+ (old CS-)
(Bs) (11-14s) (6s) (6s) (11-14s) (6s)
Time Time

B) Number and types of stimuli

Acquisition 1 Acquisition 2 Reversal 1 Reversal 2
20 CS-w/ 0 US 20Cs-w/0US 20 CS- (old CS+) w/ 0 US 20 CS- (old CS+) w/ 0 US
20 CS+ w/ 10 US 20 CS+w/ 10 US 20 CS+ (old CS-) w/ 10 US 20 CS+ (old CS-) w/ 10 US

Time

Figure 1. Pavlovian threat acquisition and reversal task. (A) Trial structure and timeline. All CSs were presented for 6s, followed by a
jittered 11-14s intertrial interval. During acquisition and reversal, presentation of CS+ co-terminated with an aversive electric shock
unconditioned stimulus (US, of 2ms duration) delivered at 6s. Note that during reversal, CS-US contingencies reversed relative to
acquisition, such that the CS- corresponded to the old CS+ and the CS+ corresponded to the old CS-. (B) Number and types of stimuli
presented during the task. Each acquisition and reversal block included 20 CS+ and 20 CS-. During each block, the CS+ was reinforced
with an aversive US on 10 trials (“w/ 10”, reinforcement rate of 50%), while the CS- was never paired with a US (“w/ 0”).

Skin conductance response (SCR). Galvanic skin conductance was recorded during each block at
1000 Hz (gain switch set to 5, low-pass to 10 Hz), from pre-gelled snap electrodes (BIOPAC EL501)
placed on the hypothenar eminence of the palmar surface of the left non-shocked hand, connected to a
BIOPAC MP-150 System (Goleta, CA). The digitalized signal was down sampled at 200 Hz and
processed using Autonomate 2.8 (Green et al., 2014) to obtain trough-to-peak SCR values. The
Autonomate software identifies the trough and peak of candidate SCRs by locating zero crossings in
the first-order temporal derivative of the downsampled data. A SCR was considered valid if the trough-
to-peak deflection started between 0.5-4.5 s following the CS onset, lasted for a maximum of 5 s, and
was greater than 0.02 uS. Trials that did not meet these criteria were scored as zero and remained in the
analyses (Starita et al., 2016; Starita, Kroes, et al., 2019). Given that trough-to-peak deflection had to
start before the time of shock delivery (6s) all shocked and non-shocked trials were included in the
analysis. This is because any peak generated in response to the shock would start outside the window of
CS-evoked SCR. In fact, to determine if candidate SCRs are likely to contain multiple overlapping
responses (e.g. overlapping CS- and US-evoked SCR), inflection points are identified in the
downsampled data by identifying zero crossings in the second-order temporal derivative. If the slope
cycles from increasing to decreasing twice within one candidate SCR, then the overlapping responses
are segmented at the inflection point where the slope changes from decreasing to increasing (in the
middle of the rise) (Green et al., 2014). Following the automated analysis, all peaks were visually
inspected to ensure correct peak scoring, and in case of erroneous scoring, the correct peak was
manually defined. In order to reduce the impact of individual differences in skin conductance response,
within-participant z-scoring was performed on the raw SCRs across the four experimental blocks
(Boucsein et al., 2012; Lykken & Venables, 1971). Mean SCRs to CS+ and CS- were analyzed to
verify threat conditioning acquisition.

Psychophysiology
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Explicit CS-US contingency awareness. To evaluate explicit conditioning of the CS-US contingency,
at the end of each block, participants saw each CS in random order and answered the question “In this
block, this image shocked me”, on an 11-point Likert scale ranging from 0 (never) to 10 (always).

Explicit ratings of CSs valence. To have an explicit measure of the subjective experience of CSs, at
the end of each block, participants saw each CS in random order and answered the question “In this
block, the feeling | had when seeing this image was”, on an 11-point Likert scale ranging from 0
(unpleasant) to 10 (pleasant), with 5 (neutral).

EEG recording and processing. The EEG was recorded with Ag/AgCl electrodes (Fast n Easy Elec-
trodes, Easycap, Herrsching, Germany) from 63 electrode sites (Fpl, Fp2, AF3, AF4, AF7, AF8, F1,
F2, F3, F4, F5, F6, F7, F8, FC1, FC2, FC3, FC4, FC5, FC6, FT7, FT8, FT9, FT10, C1, C2, C3, C4, C5,
C6, T7, T8, CP1, CP2, CP3, CP4, CP5, CP6, TP7, TP8, TP9, TP10, P1, P2, P3, P4, P5, P6, P7, P8,
PO3, PO4, PO7, PO8, 01, 02, AFz, Fz, Cz, CPz, Pz, POz and Oz). The reference electrode was placed
on FCz and the ground electrode on FPz. Signal impedance was maintained below 5 KQ. The EEG was
recorded with a band-pass filter of 0.01-100 Hz and a slope of 12 dB/oct, amplified by a BrainAmp DC
amplifier (Brain Products, Gilching, Germany) and digitized at a sampling rate of 1000 Hz.

For each participant, the EEG data were exported to MATLAB R2021a (MathWorks Inc., Natick MA,
USA) and processed offline. The EEG was down-sampled at 500 Hz and filtered with a 1-60 Hz band-
pass filter and a 50 Hz notch filter to remove the irrelevant EEG spectral content and the line noise.
Stimulus-locked epochs from 0 (stimulus onset) to 6s (stimulus duration), relative to CS onset, were
extracted from the continuous EEG. Participant’s baseline signal was also extracted from acquisition 1,
as the 10 seconds preceding the onset of the first CS, which was used to normalize the data. The
baseline and the epochs extracted from all experimental blocks were then concatenated along the time
dimension in the following order: baseline, acquisition 1, acquisition 2, reversal 1 and reversal 2. Then,
bad channel recognition was performed by computing the correlation coefficient between each
electrode and the others. Specifically, for each electrode, the mean value of its 4 highest (absolute)
correlations was calculated. Electrodes whose mean value was < 0.4 were marked as bad channels and
removed from data (da Cruz et al., 2018). Finally, signals were re-referenced to the average of all
electrodes (net of the bad channels) and the online reference electrode (FCz) was recovered.

Following this, an Independent Component Analysis (ICA) was applied to the signals using the
infomax algorithm implemented in the Matlab toolbox EEGLAB
(https://scen.ucsd.edu/eeglab/index.php). Then, artefactual components identification and removal was
performed using the EEGLAB plugin ‘IClabel’, that automatically classifies the estimated ICs into
seven categories: ‘Brain’, when originating from cortical patches, or ‘Muscle’, ‘Eye’, ‘Heart’, ‘Line
Noise’, ‘Channel Noise’ and ‘Other’, when originating from artifacts or noise. In particular, the
classifier reports the probabilities that a given IC belongs to each category. Components labelled as
‘Brain’ with less than 5% probability were automatically rejected. The remaining components were
visually inspected (scalp map, time and spectral activity) and any artefactual component was manually
removed. The artifact-cleaned signals were then reconstructed by back-projecting the remaining ICs.
Signal concatenation before ICA ensured removal of the same ICs from all experimental blocks and
baseline. Finally, bad channels were retrieved using the spherical interpolation method and the 64 EEG
signals were re-referenced to the average of all electrodes.

Finally, cortical source activity was reconstructed by estimating intracortical current densities, using

the method eLORETA (exact Low Resolution Electromagnetic Tomography, LORETA-KEY©®

software package, version: v20200414) (Pascual-Marqui, 1999; Pascual-Marqui et al., 1994). LORETA
-
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uses a three-layers head model (MNI1152 template) registered to the Talairach human brain atlas, which
provides realistic anatomical information. The solution space is restricted to the grey matter of the
reference brain, which is divided in a three-dimensional grid, with a total of 6239 voxels at 5 mm
spatial resolution. Each cortical source has its fixed position in a specific point of the grid (voxel) and
IS characterized by a current density vector with three-dimensional components. In particular, starting
from the coordinates of the 64 electrodes, the software LORETA-KEY©® was employed only for the
extraction of the inversion matrix of dimension [(3 x 6239) x 64]. Then, for each participant, the three
components of the current density of the 6239 voxels were computed in the Matlab environment, by
right-multiplying the inversion matrix by the 64 EEG signals. Subsequently, in order to model each
dipole as oriented perpendicularly to the cortical surface, the obtained 3D time series of current
densities were projected on the voxels’ normal versor, obtaining a single time series for each voxel.
Then, each voxel was assigned to a specific cortical Region of Interest (ROI) according to the atlas
used by LORETA-KEY©O® (76 ROIs) and the ROIs’ activity was reconstructed by computing the
mean activity of the voxels belonging to each ROI. In particular, following the results of previous
studies reviewed in the introduction we-fecused-eur-analyses were focused on ROIs that represented
the midcingulate cortex (ROI label: cingulate gyrus), ventral mPFC (ROI label: rectal gyrus),
somatosensory cortex (ROI label: postcentral gyrus), motor cortex (ROI label: precentral gyrus) and
visual cortex (ROI label: cuneus).

EEG alpha and theta power extraction. Based on previous studies that found that the difference
between CS+ and CS- in theta power was maximal during the first 2 seconds of CS presentation (Quirk
& Mueller, 2008; Sperl et al., 2019), each epoch was divided into 2-second intervals (i.e. 0-2s, 2-4s, 4-
6s), to assess the temporal evolution of changes in power during CS presentation. Then, the Power
Spectral Density (PSD) of the ROIs was computed using the Welch’s periodogram method (Hamming
window of 2 seconds, 50% overlap, 10 seconds zero padding, both for the baseline and 2-second
intervals). The power in the theta (4-8 Hz), alpha (8-14 Hz) frequency bands was then calculated for
the epochs and baseline. To reduce individual differences between participants and show stimulus-
dependent changes in power, for each participant, we-nermalized-the data were normalized by dividing
the power of each 2-second interval by that of the baseline. For each participant, this normalized power
was then averaged among the 20 CS+ and 20 CS- trials, for each experimental block and used for
statistical analysis.

Statistical analyses

Analyses were performed with JASP 0.14.1.0 (JASP Team, 2020) and included frequentist inference.
Normality of data distributions was ensured using Q-Q plots, and Shapiro Wilks test (Field, 2013).
Repeated-measures analyses of variance (RM ANOVA) were used to investigate differences between
more than two conditions followed by planned contrasts, wherever appropriate. Degrees-of-freedom
and p-values were Greenhouse—Geisser corrected, whenever a violation of the sphericity assumption
occurred. Partial eta-squared (%) and its 90% confidence interval (CI) were computed as estimates of
effect sizes for the ANOVAs’ main effects and interactions (Lakens, 2013). In case of significant
interactions, interpretation was based on the model estimated marginal means and 95% CI (although
means and 95% CI calculated from the raw data are reported in the text and in the plots) (Garofalo et
al., 2022). A statistical significance threshold of p < .05 was adopted. Note that, in the results, the
condition “CS+” refers to the CS+ during acquisition and the new CS+ (old CS-) during reversal, and
vice-versa for the condition “CS-”.

The dataset used in this manuscript can be found at https://osf.io/nsk65/, and the raw data will be
shared by the authors upon request, without undue reservation.
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Results
Verbal reports

Two 2 (CS: CS+, CS-) x 4 (phases: Acgl, Acg2, Revl, Rev?2) repeated measures analyses of variance
(RM ANOVA) were conducted to test whether and how verbal reports was modulated by CSs
association (or absence thereof) with the US, during acquisition and reversal.

Explicit CS-US contingency awareness. We-ebservedThere was a main effect of CS (F(z, 18) = 616.12,
p <.001, np?= .97, 90% CI [0.94, 0.98], indicating higher contingency ratings for the CS+ than CS-,
regardless of phase (CS+: M=6.89, SD=0.85; CS-: M=0.46, SD=0.80). No other main effect or
interaction was significant (all p >.124). This analysis confirms the successful acquisition and reversal
of contingency awareness in eur-the experimental group.

Explicit ratings of CSs valence. We-observedThere was a main effect of CS (F(1, 18) = 45.97, p < .001,
Np?=.72,90% CI [0.47, 0.81], indicating that the CS+ was judged as less pleasant than CS-, regardless
of phase (CS+: M=2.30, SD=1.40; CS-: M=5.97, SD=1.65). No other main effect or interaction was
significant (all p > .073). This analysis confirms the successful acquisition and reversal of valence
ratings in the experimentaled+ group.

Skin conductance response (SCR)

Due to technical problems, psychophysiological recording for six participants during Rev2 is missing.
Thus, the analysis includes only participants whose SCR was recorded in all four phases. Note that
performing the same analysis, with all participants but including only the phases before Rev2 did not
change the results.

Figure 2A shows the trial-by-trial skin conductance response, averaged across participants.
Descriptively, after the first trial of acquisition and reversal, SCR appears greater for the CS+ than the
CS-, across almost all remaining trials. A 2 (CS: CS+, CS-) x 4 (phases: Acgl, Acg2, Revl, Rev2)
repeated measures analysis of variance (RM ANOVA) was conducted to test whether and how
psychophysiological response was modulated by CSs association (or absence thereof) with the US,
during acquisition and reversal. WWe-ebservedThere was a main effect of CS (F(, 12) = 34.01, p < .001,
np? = .74, 90% CI [0.42, 0.83], indicating higher SCR for the CS+ than CS-, regardless of phase (CS+:
M=0.26, SD=0.19; CS-: M=-0.26, SD=0.19). No other main effect or interaction was significant (all p >
.338). This analysis confirms the successful acquisition and reversal of threat conditioning in the

experimental es+group.
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Figure 2. (A) The plot shows trial-by-trial means, and 95% confidence intervals (vertical lines) of z-scored skin conductance response to
CS+ and CS-, as a function of the experimental phase (acquisition 1 & 2, or reversal 1 & 2). (B) The figure shows, for each phase, the
average change (solid lines), and standard error (shaded area) of skin conductance response during the presentation of the CS-, reinforced
CS+ trials (CS+/US) and non-reinforced CS+ trials, as a function of the experimental phase (acquisition 1 & 2, or reversal 1 & 2). The
change response is calculated by subtracting the value of the electrodermal response at time 0 seconds. The CS appeared at 0 seconds and
disappeared at 6 seconds, when the US was delivered in reinforced trials (represented in the figure by the vertical line).

EEG response

To ensure data quality and enable comparison with other studies, Figure 3 shows differential scalp-
level maps (CS+ - CS-) for both theta- and alpha-bands. Normalized theta-band power difference maps
show increased activation during CS+ in fronto-medial channels, while normalized alpha-band power
difference maps show greater activation during CS- in left parietal channels. The maps at the scalp-
level are consistent with those previously-resutts reported in the literature (Babiloni et al., 2003, 2008,
2010, 2014; Bierwirth et al., 2021; Mueller et al., 2014; Sperl et al., 2019) and support the robustness
of eur-the ROI approach_on cortical sources, reconstructed from the EEG signals.

10
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Figure 3. The figure shows the differential (CS+ - CS-) scalp-level maps, for both normalized [top] theta and [bottom] alpha power, as a
function of the experimental phase (acquisition 1 & 2, or reversal 1 & 2).

Below, we report the results of the analyses concerning the left hemisphere ROIs. In fact, since the
shock was delivered to the right wrist, for the alpha band the analyses focused on the response in
contralateral (left) somatosensory and motor ROIs. For the sake of brevity, also the response in the
theta band will focus on the left hemisphere ROIs. The results in the same ROIs on the right
hemisphere are reported in the supplementary materials.

A series of 2 (type of CS: CS+, CS-) x 4 (phases: Acgl, Acg2, Revl, Rev2) x 3 (time intervals: 0-2s, 2-
4s, 4-6s) repeated measures analyses of variance (RM ANOVAs) was conducted to assess differences
in theta and alpha power at the presentation of CS during acquisition and reversal. A sensitivity power
analysis (Lakens, 2022) using MorePower 6.0.4 software (Campbell & Thompson, 2012) showed that
given eur-the sample size of 19 participants, o = .05 and power=.80, the minimal statistically detectable
effect size was: np? = .33 for the type of CS (2-level) main effect; np> = .18 for the type of CS by phase
(2x4) interaction; np? = .23 for the type of CS by time interval (2x3) interaction. All these values fall
within the 90% CI of the ny? resulting in the analyses below.

Theta. Fig. 4 shows the spatial distribution of the differential normalized theta power (CS+ minus CS-)
in the left midcingulate cortex and ventral mPFC. The figure shows a higher theta power in the
cingulate cortex during CS+, both during the acquisition and reversal phases. Also, an increase in theta
power during CS- is evident in the ventral mPFC during reversal 2. See the statistical analyses below
for more details.

11
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Figure 4. The figure shows the differential normalized theta power (CS+ - CS-) in the midcingulate cortex and ventral mPFC (midsagittal
view of left hemisphere) as a function of the experimental phase (acquisition 1 & 2, or reversal 1 & 2).

Midcingulate cortex. The analysis showed a main effect of CS type (F, 1) = 10.49, p = .005, np> = .37,
90% CI [0.08, 0.56]), a main effect of time (F1.40, 25.12) = 3.93, p = .046, n,° = .18, 90% CI [0.002,
0.37]), and a CS by time interaction (F1.2s, 23.02) = 8.91, p = .004, np? = .33, 90% CI [0.08, 0.51]). All
these effects are clearly evident in figure 5, where the temporal pattern of the normalized theta power is
shown for each CS and phase. As it is clear from the figure, the CS by time interaction was explained
by a linear increase in power for the CS+ from the first time interval to the following ones. Indeed,
theta power was similar between CSs in the 0-2s interval, to then increase over time for the CS+, while
remaining stable for the CS- (CS-: Mo-2=1.14, SD0-2=0.33, M2.4=1.07, SD24 =0.28, M4.6=1.09, SDa-
6=0.27; CS+: Mo-2=1.13, SD0-2=0.32, M2.4=1.22, SD>.4=0.35, M4.6=1.36, SD4.6=0.46). No other main
effect or interaction was significant (all p >.171; Fig. 5).
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Figure 5. The top plot shows group means (white circles), and 95% confidence intervals (vertical lines) of [top] normalized theta power
to CS+ and CS- and [bottom] differential normalized theta power (CS+ - CS-) in the midcingulate cortex, as a function of the
experimental phase (acquisition 1 & 2, or reversal 1 & 2) and the time interval (0-2s, 2-4s, 4-6s). 95%Cls were corrected for within-
subjects designs (Cousineau, 2005).

Ventral mPFC. The analysis indicated a phase by CS interaction (Fs, 54y = 3.52, p = .021, np? = .16,
90% CI [0.01, 0.28]). Specifically, during acquisition 1 and 2 and reversal 1 theta power appears
similar between CS+ and CS- (CS+: Macq1=1.05 SDacq1=0.22, Macq2=1.02, SDacq2 =0.23; CS-:
Macg1=1.04 SDacq1=0.20, Macq2=0.99, SDacq2 =0.23). In contrast, during reversal 2 we-ebserve-greater
theta power was greater te-for the new CS- (old CS+) than the new CS+ (old CS-) (CS+: Myrev2=0.95,
SDrev2=0.30; CS-: Mrev2=1.01, SDrev2=0.33). There was also a CS by time interaction (F, 3s) = 3.89, p =
.030, np? = .18, 90% CI [0.01, 0.33]). Specifically, as shown in figure 6, in the first 2 sec of CS
presentation, theta power was greater for the CS- than the CS+ (mainly driven by the reversal phases).
In contrast, in the last 2 sec of CS presentation theta power was greater for the CS+ than the CS-
(mainly driven by acquisition 2 and reversal 1 phases; CS-: Mo.2=1.05 SDg.2=0.30, M2.4=1.00, SD>.4
=0.24, M4.6=0.99, SD4.6=0.24; CS+: M.2=0.99, SDo.2=0.24, M2.4 =0.99, SD2.4 =0.23, M4.6=1.05, SD4-
6=0.30). No other main effect or interaction was significant (all p >.304).
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Figure 6. The top plot shows group means (white circles), and 95% confidence intervals (vertical lines) of [top] normalized theta power
to CS+ and CS- and [bottom] differential normalized theta power (CS+ - CS-) in the ventral mPFC, as a function of the experimental
phase (acquisition 1 & 2, or reversal 1 & 2) and the time interval (0-2s, 2-4s, 4-6s). 95%Cls were corrected for within-subjects designs
(Cousineau, 2005).

Alpha. Fig. 7 shows the spatial distribution of the differential normalized alpha power in the left motor,
somatosensory and visual cortices. The figure shows an evident decrease in alpha power in the motor
cortex during CS+ presentation in all phases, and to a lesser extent in the somatosensory cortex.
Additionally, there was a decrease in alpha power during CS+ presentation in the visual cortex during
acquisition 2, while there was an increase during reversal 2. See the statistical analyses below for more
details.
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Figure 7. The figure shows the differential normalized alpha power (CS+ - CS-) in the motor cortex, somatosensory cortex and visual
cortex (top view of left hemisphere) as a function of the experimental phase (acquisition 1 & 2, or reversal 1 & 2).

Motor cortex. The analysis showed a main effect of CS (F.18) = 6.05, p = .024, np®> = .25, 90% ClI
[0.02, 0.47]), indicating greater alpha power for the CS- (M=1.37, SD=0.69) than the CS+ (M=1.10,
SD=0.37), regardless of the phase or time window. Such effect is evident in figure 8, which shows the
higher normalized power during CS- relative to CS+. No other main effect or interaction was
significant (all p >.213).
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Figure 8. The plot shows group means (white circles), and 95% confidence intervals (vertical lines) of normalized alpha power in the
motor cortex to CS+ and CS-, as a function of the experimental phase (acquisition 1 & 2, or reversal 1 & 2) and the time interval (0-2s, 2-
4s, 4-6s). 95%CI were corrected for within-subjects designs (Cousineau, 2005).
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Somatosensory cortex. The analysis showed a main effect of CS (F,1 = 8.91, p = .008, np? = .33, 90%
CI1[0.06, 0.53]), indicating greater alpha power for the CS- (M=1.07, SD=0.35) than the CS+ (M=1.00,
SD=0.35), regardless of the phase or time window, as shown in figure 9. No other main effect or
interaction was significant (all p > .232).
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Figure 9. The plot shows group means (white circles), and 95% confidence intervals (vertical lines) of normalized alpha power in the
somatosensory cortex to CS+ and CS-, as a function of the experimental phase (acquisition 1 & 2, or reversal 1 & 2) and the time interval
(0-2s, 2-4s, 4-6s). 95%CI were corrected for within-subjects designs (Cousineau, 2005).

Visual cortex. The analysis showed a main effect of time (F(2,36 = 3.52, p = .040, np> = .16, 90% Cl
[0.004, 0.31]), indicating an increase of alpha power from the first 0-2 s to the following 2-4 s and 4-6 s
(0-2: M=1.03, SD=0.45; 2-4: M=1.17, SD=0.63; 4-6: M=1.12, SD=0.57), regardless of the CS type or
phase. No other main effect or interaction was significant (all p > .240).

Relationship between skin conductance and EEG responses. To assess whether a relationship
existed between skin conductance and EEG response, in sources that discriminated between CS+ and
CS-, we fitted of a series of linear mixed-effect models on the single-trial data (Spaccasassi et al.,
2022), using MATLAB fitlme function. The models included z-scored SCR as the dependent variable,
CS type (CS-: CS=0, CS+: CS=1), phase, midcingulate theta power, ventral mPFC theta power, motor
cortex alpha power, and somatosensory cortex alpha power as dependent variables. Participants were
used as a random effect. Note that for this analysis EEG theta and alpha power were calculated across
the entire 6 seconds of CS presentation (Hamming interval of 2 seconds).

Nine different models were tested, and they are reported in detail in Table 1. We tested one model that
included only the random effect of participants, four models that included only the main effects of the
dependent variables and four models that included also their interaction. Table 1 also reports the
Bayesian information criterion (BIC), which provides a quantitative measure of the goodness of fit
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associated with each one of the tested models. The model with the lowest BIC was the one including
the main effect of the type of CS and of each rhythm, and their interaction, suggesting this as the model
that provided the best fit to the SCR data. Thus, we describe the results of this model below.

Table 2 shows the results of the model in detail. The model replicated the effect of CS type on SCR,
indicating an increase of SCR when in presence of the CS+, relative to the CS- (b=0.85, 95% CI
1.08], t(2790)=6.99, p<0.001). Additionally, there was a significant effect of midcingulate theta power,
indicating a positive relationship between midcingulate theta power and SCR (b=0.20, 95% CI [0.08
0.32], ter90)=3.21, p=0.001). We-alse-foundThere was a significant interaction between alpha power
from the somatosensory cortex and CS type, indicating a negative relationship between alpha power
and SCR for CS+ (b=-0.34, 95% CI [-0.51, -0.18], t(2790)=-4.10, p<0.001). Figure 10 shows the
relationship between each brain rhythm and SCR for CS+ and CS-.

Table 1. Goodness of fit to z-scored skin conductance responses for individual models using the Bayesian information
criterion (BIC; number of observationsN = 2800)

Formula BIC

SCR~1+(1]id) 7950.8
SCR ~ 1 + theta_midcing + theta_vmPFC + alpha_motor + alpha_somato + (1 | id) 7908.4
SCR ~ 1 + phase + theta_midcing + theta_vmPFC + alpha_motor + alpha_somato + (1 | id) 7913.9
SCR ~ 1 + CS + theta_midcing + theta_vmPFC + alpha_motor + alpha_somato + (1 | id) 7745.1
SCR ~ 1 + phase + CS + theta_midcing + theta_vmPFC + alpha_motor + alpha_somato + (1 | id) 7748

SCR ~ 1 + CS*theta_midcing + CS*theta_vmPFC + CS*alpha_motor + CS*alpha_somato + (1 | id) 7742.3
SCR ~ 1 + phase*theta_midcing + phase*theta_vmPFC + phase*alpha_motor + phase*alpha_somato + (1 | id) 7992.5

SCR ~ 1 + phase*theta_midcing + CS*theta_mid.cing + phase*theta_vmPFC + CS*theta_vmPFC...

+ phase*alpha_motor + CS*alpha_motor + phase*alpha_somato + CS*alpha_somato + (1 | id)
SCR ~ 1 + theta_midcing*CS*phase + theta_vmPFC*CS*phase + alpha_motor*CS*phase...

+ alpha_somato*CS*phase + (1]id)
Note. SCR= z-scored skin conductance response; theta_midcing = normalized theta power from the midcingulate cortex;
theta_vmPFC= normalized theta power from the ventral mPFC; alpha_motor = normalized alpha power from the motor
cortex; alpha_somato = normalized alpha power from the somatosensory cortex; id=participant number. The model in bold is
the one with the lowest BIC.

7825.1

7928.5

Table 2. Coefficient estimate for each model term, with their standard error, their lower and upper limit of the 95% confidence
interval (Cl), t-statistic for each coefficient, degrees of freedom and p-value.
Estimate Standar

Name (b) d Error Lower Cl Upper CI t df p

Intercept -0.43 0.09 -0.60 -0.27 -5.09 2790 0.000*
CS (CS+: CS=1, CS-: CS=0) 0.85 0.12 0.61 1.08 6.99 2790 0.000*
Theta_midcing 0.20 0.06 0.08 0.32 3.21 2790 0.001*
Theta_vmPFC -0.05 0.07 -0.18 0.08 -0.76 2790 0.447
Alpha_motor -0.04 0.03 -0.09 0.01 -1.51 2790 0.130
Alpha_somato 0.05 0.05 -0.05 0.16 1.02 2790 0.310
CS*theta_midcing -0.06 0.08 -0.22 0.09 -0.83 2790 0.409
CS*theta_vmPFC 0.15 0.10 -0.04 0.33 1.52 2790 0.128
CS*alpha_motor -0.07 0.06 -0.18 0.04 -1.21 2790 0.226
CS*alpha_somato -0.34 0.08 -0.51 -0.18 -4.10 2790 0.000*

Note. theta_midcing = normalized theta power from the midcingulate cortex; theta_vmPFC= normalized theta power from the
ventral mPFC; alpha_motor = normalized alpha power from the motor cortex; alpha_somato = normalized alpha power from the
somatosensory cortex. * indicates significant effects. The linear model equation associated with this model is SCR = -
0.43+0.85*cs+0.20*theta_midcing-0.05*theta_vmPFC-0.04*alpha_motor+0.05*alpha_somato-0.06*CS*theta_midcing
+0.15*CS*theta_vmPFC -0.07*CS*alpha_motor-0.34*CS*alpha_somato
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Figure 10. Interaction plots that show the adjusted z-score SCR as a function of each brain rhythm for CS- and CS+. The results of the
linear mixed model analysis indicated a significant positive relationship between midcingulate theta power and SCR, and a significant

negative relationship between somatosensory alpha power and SCR for CS+. The plots were produced using the MATLAB function
“plotInteraction”. The function plots the adjusted response function (adjusted z-score SCR) as a function of one predictor
(brain rhythm), with the other predictor (CS type) fixed at specific values. The adjusted response function describes the

relationship between the fitted response and a single predictor, with the other predictors averaged out by averaging the fitted values over

the data used in the fit.

Psychophysiology

18



Page 21 of 32 Psychophysiology

oNOYTULT D WN =

Theta and alpha rhythms and threat predictions

Discussion

We tested whether changes in theta and alpha brain oscillations marked the acquisition and reversal of
threat predictions and correlated with skin conductance response (SCR), a peripheral marker of threat
learning. To this end, electroencephalogram and electrodermal activity were recorded in a group of
healthy adults, who completed a Pavlovian threat conditioning task that included an acquisition and a
reversal phase. During acquisition, presentation of a visual stimulus, was paired with delivery of an
aversive shock (CS+), while another visual stimulus, served as within-subject control condition (CS-)
and was never paired with the shock. During reversal, the picture-shock contingencies were switched,
such that the old CS+ was now the new CS- and the old CS- was the new CS+. WefeundResults
showed that the power of both theta and alpha discriminated between threat and safety, showing a
differential response between CS+ and CS-, but with unique modulations for each rhythm, localized in
specific cortical sources and as a function of the experimental phase (acquisition or reversal).
Additionally, a relationship was found between single trial theta and alpha power and skin
conductance response, establishing a direct relationship between activation of the central and peripheral
nervous systems during learning.

We-initiaHy-confirmedFirst, the acquisition and reversal of threat predictions in participants was
confirmed from SCR and subjective reports of stimulus valence and stimulus-outcome contingency; the
CS+ elicited greater SCR, and was judged as less pleasant and more contingent with US delivery than
the CS-. Such responses were observed regardless of the experimental phase. Thus, as the identity of
the shock-paired picture was switched from acquisition to reversal (i.e. acquisition: picture A = CS+,
picture B = CS-; reversal: picture B = new CS+/old CS-, picture A = new CS-/old CS+), so did the
SCR, subjective pleasantness and explicit CS-US contingency.

Concerning brain rhythms, theta oscillations showed a complex dynamic over the course of the task,
varying their power to CSs depending on the examined source. Specifically, midcingulate cortex theta
power was greater for the CS+ than the CS-, regardless of the phase. Thus, similarly to SCR and
subjective reports, midcingulate cortex theta power tracked the motivational value of the stimuli, as
they acquired or reversed their threat-related value, showing a corresponding change in power that
discriminated between CS+ and CS-. Crucially, we-also-found-thattheta power in the midcingulate
cortex changed over the 6 seconds of CS presentation, showing a linear increase in power for the CS+
as timed approached shock delivery, while remaining stable during CS- presentation. This ramp-like
increase of theta for the shock-paired CS+ suggests the possibility of a temporal encoding of US arrival
by theta. Indeed, timing of outcome occurrence is a core part of associative learning (Kirkpatrick &
Balsam, 2016; Nasser & Delamater, 2016). For example, timing of conditioned responses, such as
eyelid closure, is often tuned to the expected time of US presentation (Kirkpatrick & Balsam, 2016;
Nasser & Delamater, 2016; Sutton & Barto, 1998), while unexpected timing of aversive US delivery
has been shown to evoke a prediction error signal (Garofalo et al., 2014, 2017; Magosso et al., 2015).
Thus, midcingulate theta may be another contributor to such temporal learning, in line with the idea of
a general role of the cingulate cortex in event prediction (Alexander & Brown, 2011), even when
outcomes are not contingent to actions (Alexander & Brown, 2014). Whether this ramp-like theta
response continues even after CS+ disappearance, in particular when no US is delivered, may warrant
further investigation, to clarify the putative role of theta in temporal learning. Note that this temporal
dynamic of theta is in contrast with previous studies, which found greater mediofrontal theta power to
the CS+ than the CS- limited to the first 2 seconds of CS presentation (Bierwirth et al., 2021; Mueller
et al., 2014; Sperl et al., 2019). Importantly, such studies tested the recall of previously acquired threat
predictions, rather than the initial learning of predictions, and used a shorter CS presentation, of 4
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rather than 6 seconds. Thus, whether such differences in results depend on the process investigated —

acquisition and reversal, or subsequent recall — or on the duration of stimuli warrants further research.
Nevertheless, the overall greater midcingulate theta for the CS+ extends the previous literature on the
theta rhythm (Bierwirth et al., 2021; Mueller et al., 2014; Sperl et al., 2019), showing its role in threat
learning during acquisition and reversal.

In the ventral mPFC, theta power showed a unique modulation as a function of the experimental phase.
While during acquisition 1 and 2 and reversal 1 theta power appears similar between CS+ and CS-,
during reversal 2, theta power became greater to the new CS- (old CS+) than the new CS+ (old CS-). In
line with the neuroimaging literature that shows a role of the ventral mPFC during reversal (Savage et
al., 2020; Schiller et al., 2008; Zhang et al., 2015), increased theta power to the new CS- (old CS+) as
compared to the new CS+ (old CS-) in reversal is compatible with the inhibition of a previously learned
threat response that is no longer appropriate, due to CSs-US contingencies reversal. Taken together,
the results on theta power provide evidence for a functional heterogeneity of this rhythm along midline
cortical regions during the acquisition and reversal of threat predictions. While theta power in the
midcingulate cortex tracks the stimulus current motivational value, timely preparing the organism to
respond to the upcoming danger, in the ventral mPFC, theta power may reflect a response inhibition
process. Such heterogeneity appears in line with the previous literature that has linked increases in theta
power to the encoding of fear, safety and/or cognitive control (Bierwirth et al., 2021; Cavanagh et al.,
2012, 2013; Mueller et al., 2014; Sangha et al., 2020; Sperl et al., 2019).

Alpha power also appeared to play a role in threat learning, showing its unique modulation in response
to the two CSs. Specifically, we-feund-lower-alpha power was lower for the CS+ than the CS- from the
precentral and postcentral gyri, regardless of the phase. Thus, similarly to SCR and midcingulate cortex
theta power, alpha power tracked the motivational value of the stimuli, as they acquired or reversed
their threat-related value. The alpha desynchronization for the CS+ mimics findings of greater alpha
desynchronization at somato-motor electrode sites in anticipation of painful somatosensory stimuli
(Babiloni et al., 2003, 2008, 2010, 2014). This somato-motor alpha change is suggestive of cross-modal
conditioning-induced plasticity, with the visual CS+ eliciting a conditioned response of the
somatosensory cortex matching the US modality, rather than the CS+ modality (Miskovic & Keil,
2012). Additionally, this effect was not found in the cuneus, indicating no evidence of unimodal
conditioning-induced plasticity (but see Panitz et al., 2019; Yin et al., 2020). Overall, the decreased
alpha power for the CS+ from the motor and somatosensory cortices may reflect enhanced activation of
the somato-motor system, in preparation of the aversive outcome. Unlike the theta rhythm, the
difference in alpha power between CSs did not show any temporal evolution over the 6 seconds of CS
presentation. This possibly suggests a rapid discrimination of the two CSs by the somato-motor system
that is maintained during the entire presentation of the CS.

Finally, the results of the linear mixed effect models on single trial data showed a positive relationship
between midcingulate theta power and skin conductance response, regardless of the stimulus, and a
negative relationship between somatosensory alpha power and skin conductance response for the CS+.
Thus, while an increase in midcingulate theta was related to a general increase in skin conductance
response, a decrease in somatosensory alpha was related to an increase in skin conductance in response
to the CS+. Such results may suggest a direct relationship between response of the central and
peripheral nervous systems during threat learning, with both the alpha and theta rhythms being
correlated with the peripheral expression of threat learning, possibly to ensure the timely preparation of
responses to the upcoming danger. Indeed, an increase in skin conductance has been reported
immediately before the initiation of responses in an active avoidance task (L6w et al., 2015), and more
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broadly, activation of the sympathetic nervous system facilitates action and is characteristic of active
defense behaviors (Cannon, 1939; Critchley, 2002; Hamm, 2020; Starita et al., 2022).

Overall, both alpha and theta appear to contribute to the initial acquisition and reversal of threat
predictions, flexibly regulating the expression of threat responses in the face of changing stimulus-
outcome contingencies. The unique modulations of theta and alpha power to each CS, across
acquisition and reversal, highlight the existence of multiple systems that contribute to the expression of
threat learning. Possibly, while changes in theta in the midcingulate cortex may have a crucial role in
learning the timing of the upcoming danger, alpha power may reflect the preparation of the somato-
motor system to the upcoming danger. Additionally, in the ventral medial prefrontal cortex the theta
rhythm may play an inhibitory role of responses that are no longer appropriate. Together, the observed
changes in theta and alpha may be crucial for the successful enactment of defensive responses and
survival in an ever-changing environment. Further validation of this functional interpretation of brain
rhythms may be achieved using mechanistic neural network models of oscillating brain populations
(Ursino et al., 2010), reciprocally interconnected according to a biologically inspired connectivity.
Indeed, such models have been recently used to analyze essential phenomena, such as the genesis of
brain rhythms during sleep (Cona et al., 2014), the function of theta-gamma coupling in the
hippocampus (Cona & Ursino, 2013, 2015), the role of rhythms in working memory (Ursino et al.,
2022). Hence, they represent a valid instrument to test the present interpretation on the role of each
rhythm in the acquisition and reversal of threat predictions.
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Supplementary materials
Results from the right hemisphere
EEG response

A series of 3 (time intervals: 0-2s, 2-4s, 4-6s) x 4 (phases: Acql, Acg2, Revl, Rev2) x 2 (type of CS:
CS+, CS-) repeated measures analyses of variance (RM ANOVAS) was conducted to assess differences
in theta and alpha power at the presentation of CS during each experimental phase.

Theta. Learning curves for the left midcingulate cortex and ventral mPFC. Figure 1 shows the
group mean-normalized theta power to CS+ and CS- in the midcingulate cortex and ventral mPFC,
averaged across 5-trial subsets, as a function of the experimental phase (acquisition 1 & 2, or reversal 1
& 2). In the midcingulate cortex, greater response to CS+ (compared to CS-) can be seen in all 4
phases. In the ventral mPFC, discrimination between the two CSs is observed only in Reversal 2, with a
greater response to CS- (old CS+) than CS+ (old CS-).
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Figure 1. The figure shows group means (white circle) and standard error of the mean (vertical lines) of the normalized theta power (CS+
and CS-) in the [top] midcingulate cortex and [bottom] ventral mPFC, as a function of the experimental phase (acquisition 1 & 2, or
reversal 1 & 2) and trial (5 trials subsets mean, 1-5/6-10/11-15/16-20).

Midcingulate cortex. Repeating the analysis of the main text on the right hemisphere replicated the
main effect of time (p=.002) and the CS by time interaction (p=.011), with greater power for the CS-
than the CS+ in the first 2 sec of CS presentation, while greater power for the CS+ than the CS- in the
second and third time intervals of CS presentation. No other main effect or interaction was significant
(all p>.356).

Ventral mPFC. Repeating the analysis of the main text on the right hemisphere showed no significant
main effect or interaction (all p > .118).

Alpha. Learning curves for the left motor and somatosensory cortices. Figure 2 shows the group
mean normalized theta power to CS+ and CS- in the motor cortex and somatosensory cortex, averaged
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across 5-trial subsets, as a function of the experimental phase (acquisition 1 & 2, or reversal 1 & 2). In

all phases, there is a greater response to CS- (compared to CS+), especially in the motor cortex.
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Figure 2. The figure shows group means (white circle) and standard error of the mean (vertical lines) of the normalized alpha power (CS+
and CS-) in the [top] motor and [bottom] somatosensory cortices, as a function of the experimental phase (acquisition 1 & 2, or reversal 1

& 2) and trial (5 trials subsets mean, 1-5/6-10/11-15/16-20).

Motor cortex. Repeating the analysis of the main text on the right hemisphere replicated the main effect

of the CS (p=.015), with greater power for the CS- than the CS+, and showed a time by phase

interaction (p=.002). No other main effect or interaction was significant (all p > .356).

Somatosensory cortex. Repeating the analysis of the main text on the right hemisphere showed no
significant main effect or interaction all p > .077).

Visual cortex. Repeating the analysis of the main text on the right hemisphere showed no significant
main effect or interaction (all p > .063).
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