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ABSTRACT

Fear and extinction learning are fundamental processes shaping the regulation and expression of fear in both healthy individuals
and patients with anxiety-related disorders. Pavlovian fear conditioning serves as a powerful model for these mechanisms; how-
ever, the precise spatiotemporal neural dynamics underlying fear and extinction learning in humans still remain unclear. Theta
oscillations have been implicated in these learning processes, yet their precise relationship with blood-oxygen-level-dependent
(BOLD) signals of corresponding brain networks remains poorly understood. This study employed simultaneous electroencepha-
lography and functional magnetic resonance imaging (EEG-fMRI) in fifty healthy humans to investigate the role of frontomedial
theta oscillations (4-8 Hz) in fear learning. Participants underwent a one-day differential fear conditioning paradigm with con-
current EEG and fMRI recordings. We assumed that individual theta power variations would correspond to distinct activation
patterns in the fear and safety networks during fear acquisition and extinction training. To test this hypothesis, we extracted
frontomedial theta power across three trial segments (0 to 2s, 2 to 4s, 4 to 5.5s after the onset of conditioned stimuli, CS) and
integrated these measures into whole-brain fMRI analyses. Results revealed a significant increase in differential (CS+ vs. CS-)
theta power toward the end of the CS presentation during fear acquisition training, aligning with prior findings of theta ramp-
ing-up before unconditioned stimulus onset. EEG-driven fMRI analyses during fear acquisition showed distinct theta~-BOLD
co-activations in cuneal and precuneal cortices and motor areas at 2 to 4s and 4 to 5.5s trial segments. Notably, during extinction
training, the theta activity of the mid-trial segment (2 to 4 s post-stimulus) was co-activated with the BOLD signal in vmPFC, sug-
gesting a role of theta during extinction in safety memory formation. Our findings support the hypothesis that theta oscillations
may contribute to the temporal encoding of threat expectation during fear learning, but also to memory updating through fear
response suppression during extinction learning. Interestingly, theta modulation was linked to distinct brain regions in different
temporal segments. Critically, our results integrate previous findings from different neuroimaging modalities and extend our
understanding of the spatiotemporal neural dynamics underlying fear and extinction learning.
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1 | Introduction

The prevalence of anxiety-, trauma-, and stressor-related disor-
ders in modern society underscores the importance of under-
standing the neural mechanisms underlying fear learning and
its regulation (Somers et al. 2006; VanElzakker et al. 2014). The
fear conditioning paradigm serves as a well-established model
for studying these processes, providing key insights into how
fear responses are acquired and extinguished (Lissek et al. 2005;
Milad and Quirk 2012; Sehlmeyer et al. 2009; Wake et al. 2024).
Recent reviews emphasize that fear conditioning not only serves
as a laboratory model for fundamental fear processes but also
provides crucial insights into maladaptive fear characteristics
underpinning clinical anxiety, including fear generalization
and avoidance behaviors that interact with extinction processes,
thereby enhancing the translational relevance of this paradigm
(Beckers et al. 2023; Hermann and Sperl 2023). In this para-
digm, a stimulus (e.g., a tone, shape, or image) is contingently
paired with an aversive unconditioned stimulus (US) to be-
come a conditioned stimulus (CS+), in a manner that makes it
a reliable predictor of the US, which then leads to a conditioned
response (CR). In differential fear conditioning paradigms, an-
other stimulus, the CS—, is never paired with the US and thereby
comes to signal its absence (Lonsdorf et al. 2017; Rescorla 1967,
1988; see also Ohman and Dimberg 1978). To induce extinction
learning, the same CS+ is repeatedly presented without the US.
Over time, this diminishes the CR to the CS+ by creating a new
inhibitory memory trace, competing with the initially acquired
CS+/US association (Bouton 2002) and/or suppressing the ini-
tial CS+/US association. Competing theoretical accounts (for
reviews, see Dunsmoor et al. 2015 and Laing et al. 2025) suggest
that extinction may reflect the unlearning or modification of the
original CS+/US association (Rescorla and Wagner 1972), the
formation of a new inhibitory association that suppresses fear
expression while leaving the original memory intact (Bouton
et al. 2021; Pearce and Hall 1980), or an interaction between
both processes. Considering these perspectives helps situate
neural findings (such as increases in theta oscillatory activity
throughout the course of CS presentation; Starita et al. 2023) in
the broader context of whether extinction reflects suppression
of the fear response, the formation of a safety memory, or both.
Meta-analytic and contemporary learning-theory work further
indicate that individuals with anxiety and stress-related disor-
ders show altered fear and safety learning across acquisition,
extinction, and recall, with these differences shaped by tem-
peramental vulnerabilities, early learning histories, and con-
textual influences (Kausche et al. 2025; Zinbarg et al. 2022).
This growing recognition of individual differences in learning
processes and their neural signatures makes it vital to incor-
porate subject-specific markers reflecting learning, such as the
electroencephalography (EEG) oscillatory activity, in the anal-
ysis of neuroimaging data. This would enable a more precise
and temporally informed understanding of the brain circuits
underlying threat acquisition and extinction, which is crucial
for the development of more targeted and effective anxiety treat-
ments. Contemporary neuroimaging research has identified key
brain circuits involved in fear acquisition and extinction and
their functional role in these processes (Battaglia et al. 2020;
Knight et al. 2004; LaBar et al. 1998). These structures include
but are not limited to the amygdala, hippocampus, insular cor-
tex, dorsal-anterior cingulate cortex (dACC), and ventromedial

prefrontal cortex (vmPFC), constituting the so-called “fear and
extinction network” (Fullana et al. 2016; Sehlmeyer et al. 2009).
Yet critical questions remain regarding their precise temporal
and spatial dynamics, as well as the relationship between find-
ings from different imaging modalities.

For decades, behavioral and electrophysiological studies in an-
imal models dominated the field of fear conditioning, disentan-
gling the functional role of specific anatomical regions related
to the conditioning and extinction of fear (Ressler 2020). Rodent
prelimbic prefrontal cortex (PL; homologous to the human
ACC) and infralimbic prefrontal cortex (IL; homologous to the
human mPFC) were shown to be involved in fear expression
and suppression, relaying sensory information to the amygdala
through so-called “cortical” and “subcortical” pathways (Blair
et al. 2001; Burgos-Robles et al. 2009; Milad and Quirk 2002;
Pitkanen 2000; VanElzakker et al. 2014). Particularly, theta
frequency oscillations were reported to support the communi-
cation between the basolateral amygdala and mPFC (Karalis
et al. 2016; Likhtik et al. 2014). One of the earliest electro-
physiological studies on fear conditioning reported that the
hippocampal CA1 region and the lateral amygdala display syn-
chronized theta oscillations during conditioned fear, suggesting
that coherent theta activity in amygdalo-hippocampal circuits
may promote the synaptic plasticity mechanisms underlying
the consolidation and retention of fear memory (Seidenbecher
et al. 2003). More recent work has identified the nucleus reuniens
(RE) of the thalamus as a critical hub for coordinating mPFC-
hippocampus theta synchrony during extinction retrieval: in-
activation of RE disrupts both mPFC-hippocampus coherence
and extinction memory, whereas theta-paced stimulation of RE
restores context-appropriate fear suppression (Totty et al. 2023).

Functional neuroimaging in humans has implicated the
amygdala, hippocampus, insula, and prefrontal regions (in-
cluding the dACC and vmPFC) in the acquisition and ex-
tinction of conditioned fear (Biichel and Dolan 2000; Fullana
et al. 2016; Kim and Jung 2006; LaBar et al. 1998; Milad and
Quirk 2012; Phelps et al. 2004; Sehlmeyer et al. 2009). During
fear acquisition, increased functional magnetic resonance im-
aging (fMRI) blood-oxygen-level-dependent (BOLD) activity
is typically observed in the amygdala and dACC, reflecting
the encoding and expression of threat-related information. In
contrast, extinction learning and recall are associated with
enhanced activation of the vmPFC and hippocampus, which
are thought to support context-dependent safety learning and
inhibition of the previously learned CR (Fullana et al. 2016,
2018; Kalisch et al. 2006; Milad et al. 2007). However, despite
numerous individual findings from animal electrophysiology
and human neuroimaging studies that helped identify regions
constituting the “fear and safety networks”, these findings,
when taken together, indicate that it is difficult to integrate
all known results into a single cohesive interpretation of the
involvement of these structures, due to the high heteroge-
neity of findings across studies. Andres et al. (2024) discuss
this issue, particularly in relation to the meta-analysis by
Fullana et al. (2018), which did not find consistent vmPFC
activation during fear extinction across 31 studies involving
1074 participants. Similarly, meta-analyses have struggled to
consistently confirm robust amygdala activation during fear
acquisition and extinction (Fullana et al. 2016, 2018). Among
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other experiment-specific factors, Andres et al. (2024) attri-
bute it to the transient nature of extinction learning activity
that might happen only during the first few trials, and tem-
poral dynamics can occur even within a single trial (Miskovic
and Keil 2012; Sperl et al. 2021). Thus, although fMRI offers
excellent spatial resolution for identifying these distributed
circuits, its limited temporal resolution constrains the investi-
gation of rapid neural dynamics involved in fear updating and
regulation. Additionally, not much is known about the tempo-
ral specificity of respective brain structures during learning.
It remains unclear if CS presentations evoke a synchronized
BOLD response across all structures or if the functional acti-
vation of individual structures changes dynamically through-
out each trial.

Complementary to the spatial insights offered by fMRI, EEG
studies in humans have provided valuable information about
the fast temporal dynamics of fear processing. Event-related
potentials (ERPs) such as the late positive potential (LPP) and
contingent negative variation (CNV) have been linked to con-
ditioned fear responses and their modulation during extinc-
tion (Flor et al. 1996; Miskovic and Keil 2012; Sperl et al. 2021).
Electroencephalographic activity can be decomposed into
several frequency bands: delta (1-4 Hz), theta (4-8 Hz), alpha
(8-13Hz), beta (13-30 Hz), and gamma (> 30 Hz)—each linked
to distinct neural functions. In the context of learning, delta
and theta rhythms have been associated with motivational and
learning-related processes, alpha oscillations with attentional
gating and cortical inhibition, beta activity with sensorimo-
tor integration and expectancy, and gamma oscillations with
local network synchronization (Basar et al. 2001; Herrmann
et al. 2016; Klimesch 2012). Among these, theta-band activity
has received particular attention in emotional learning con-
texts due to its established role in coordinating information
flow between limbic and prefrontal regions during memory
encoding and adaptive control (Gilmartin et al. 2014). More
recently, oscillatory analyses have provided converging evi-
dence for the role of frontomedial theta as a flexible threat/
extinction marker in extinction learning and recall (Bierwirth
et al. 2021, 2023; Chien et al. 2017; Mueller et al. 2014; Sperl
et al. 2019). An intracranial EEG study in humans reported
that theta oscillations in the prefrontal cortex covaried with
the progression of learning, thus reflecting the learned as-
sociation strength (Chen et al. 2021). Additionally, theta fre-
quency oscillations were in synchrony between the amygdala
and mPFC, with an increased theta power after successful
learning, and the latency of these theta oscillations shifted to
earlier time points as learning progressed. However, Clarke
et al. (2018) reported opposing results, where the frontomedial
theta power decreased as the association strength increased
in an associative learning task, suggesting that theta could be
linked to establishing the association and, as such, updating
the memory.

While the works above focused on the dynamics and progres-
sion of learning across trials, a scalp EEG study by Starita
et al. (2023) analyzed the temporal dynamics of theta power
within trials. Specifically, they offered a novel approach in dis-
cretizing the theta power into three 2-s-long trial segments: 0
to 2s, 2 to 4s, and 4 to 65 relative to CS onset within the trial.
Their findings, source-localized to the midcingulate cortex

and vmPFC, showed distinct dynamics of the midcingulate
theta power across these trial segments in acquisition and re-
versal phases, with a prominent increase in the differential
CS+/CS— effect toward the end of the trial, which could be
attributed to threat expectation. An earlier study by DeLaRosa
et al. (2014) also reported the dynamics of the distinct topo-
graphical distribution of theta and beta power at different
time points throughout the trial. Taken together, these find-
ings implicitly hint at the dynamic interplay of various corti-
cal and subcortical structures throughout the learning phase.
While EEG source reconstruction provides a practical balance
between temporal and spatial resolution, the spatial resolu-
tion of EEG source reconstruction is still inferior to that of
fMRI (for a broader review of the capabilities of EEG source
imaging, see Michel et al. 2004). Hence, a direct link between
the transient and temporally specific dynamics of EEG theta
power and BOLD signal remains elusive. To date, only a few
studies have employed simultaneous EEG-fMRI as part of the
fear conditioning paradigm (Sperl et al. 2019; Yin et al. 2020).
For example, Sperl et al. (2019) linked oscillatory EEG activ-
ity to BOLD responses during extinction recall and reported
that frontomedial theta power was significantly reduced for
extinguished compared to non-extinguished stimuli, and that
this reduction was positively correlated with decreased amyg-
dala BOLD activation. However, the theta-BOLD relation-
ship during fear acquisition and extinction training remains
unknown.

Although EEG and fMRI studies have independently advanced
our understanding of the temporal and spatial aspects of fear
learning, integrated multimodal findings remain scarce, lim-
iting a unified interpretation of underlying neural mecha-
nisms. Simultaneous EEG-fMRI enables a direct validation of
modality-specific effects and offers a framework to link tem-
porally defined oscillatory events to spatially distributed brain
networks. This integration is especially crucial in learning
paradigms, where rapid neural dynamics interact with large-
scale circuit activity to shape behavior. The understanding of
precise temporal and spatial dynamics of oscillatory activ-
ity and brain regions could help establish more robust treat-
ment protocols and inform future brain stimulation studies.
Specifically, it is unclear how the fast, oscillatory dynamics
captured by EEG relate to the engagement of spatially distinct
brain networks as a threat association is processed within a
single trial. A CS presentation lasting several seconds is not a
monolithic neural event (Miskovic and Keil 2012; Quirk and
Mueller 2008), which is reflected in the change of CS+ and
CS— difference in theta power throughout the course of CS
presentation (Sperl et al. 2019; Starita et al. 2023). Rather, it
likely comprises a sequence of distinct cognitive processes, in-
cluding initial stimulus perception, retrieval of the learned as-
sociation, threat appraisal, and anticipation of the US (Radua
et al. 2025; Wen et al. 2024).

Recent large-scale neuroimaging work provides compelling evi-
dence for such temporal and anatomical specificity. For instance,
Wen et al. (2022) demonstrated that transient amygdala BOLD re-
sponses during threat conditioning are temporally specific, peak-
ing within the first few trials and habituating rapidly. This finding
underscores the principle that averaging neural signals across
trials can obscure transient but critical computational processes.
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Extending this logic from the scale of across trials to within one
trial, it is plausible that different neural circuits are recruited at
distinct moments following the onset of a CS. Furthermore, the
idea of a single, static “threat circuit” needs to be updated in
favor of a more dynamic and distributed model. A comprehensive
study by Wen et al. (2024) showed that threat processing engages
a wide array of sensory, cognitive, and motor systems beyond the
classic “fear network”. Crucially, many of these neural nodes dy-
namically shift their representations of threat (CS+) versus safety
(CS—) across different phases of learning, acting as “flexible”
coders. If such dynamic engagement of distinct networks occurs
over blocks of trials, it strongly suggests that a similar temporal
segregation of function could occur on the much finer timescale
within a single trial as different cognitive operations are deployed
in sequence. This idea has been explored by Starita et al. (2023),
showing that the EEG signal, source-localized to the midcingu-
late cortex, exhibits a distinct increase in theta power across the
three discrete temporal segments during the CS presentation. In
our study, we extend the above logic and use the subject-specific
theta power from the three 2-s-long segments throughout the CS
presentation from the scalp EEG as a parametric modulation (PM)
regressor in simultaneously recorded whole-brain fMRI. This in-
tegrated approach allows us to explore, without prior anatomical
constraints, which brain regions (potentially extending beyond
the classical “fear and extinction network”) are co-activated with
EEG-theta at different moments within a trial. As a result, we aim
to validate the work of Starita with the EEG signal during acquisi-
tion training and extend it to the simultaneously recorded whole-
brain fMRI. With the simultaneous recording of EEG and fMRI
during extinction learning, we aim to explore whether a similar
pattern of within-trial theta dynamics as observed during acqui-
sition emerges, and to determine whether the frontomedial theta
effect during extinction is more closely linked to fear or safety
network areas.

2 | Materials and Methods
2.1 | Participants

A sample of N=50 (24 women, 26 men) right-handed par-
ticipants aged between 18 and 26years (M=22.38years,
SD =2.35years) was recruited. The target sample size was in-
formed by the range of sample sizes typically employed in the
fear conditioning literature, while accounting for anticipated
exclusions due to artifacts from simultaneous EEG-fMRI ac-
quisition. The exclusion criteria at the recruitment stage were
a history of mental health conditions, substance or psychoac-
tive medication use, and standard exclusion criteria for fMRI
examinations at a 3 Tesla scanner. All participants had normal
or corrected-to-normal vision and were able to understand the
provided written and oral instructions. All participants were
naive to the purpose of the study and had no prior experience
with the fear conditioning paradigm used for the experiment.
The study was approved by the local ethics committee of the
Faculty of Psychology at Ruhr University Bochum (application
number 327). All participants provided written informed con-
sent before participation and were treated in accordance with
the Declaration of Helsinki. Following the recommendations
of Lakens (2022), we conducted a sensitivity analysis using
MorePower 6.0 (Campbell and Thompson 2012) to determine

the smallest effect size detectable given our final sample and
the specific repeated-measures design employed (2 CS types X 3
trial segments). With N=35 (acquisition), assuming 80% power
and an o =0.05, the study was sensitive to effect sizes of partial
1?=0.13 or larger. With N =39 for extinction training, the min-
imum detectable effect size for 80% power was partial n°=0.12
or larger. In both phases, the sensitivity was sufficient to reli-
ably detect effect sizes comparable to those reported in Starita
et al. (2023) with N=19.

2.2 | Experiment

The experiment was conducted at a 3-Tesla Philips Achieva scan-
ner (Philips Healthcare, Best, The Netherlands) equipped with a
32-channel head coil at the Bergmannsheil Hospital in Bochum,
Germany. The participants underwent fear acquisition and ex-
tinction training on the same day, separated by an 8-min rest
period inside the scanner. The stimuli and procedures for these
paradigms were adapted from Milad et al. (2007). The stimuli
were presented using an MR-compatible display positioned at the
back of the MRI bore (BOLDscreen 24 LCD; Cambridge Research
Systems, Cambridge, UK). Participants were instructed to pay
close attention to the images presented during fear acquisition and
extinction training. They were also told that electrical stimulation
may or may not be present during the experiment. Fear acquisition
training consisted of 32 trials (16 CS+ and 16 CS—), with the CS+
paired with the aversive US in 10 of its 16 trials (62.5% reinforce-
ment rate), followed by extinction training with 8 CS+ (without
the US) and 8 CS— trials (see Figure 1). The number of acquisition
and extinction trials was selected to be consistent with common
experimental designs in human fear conditioning, as documented
across numerous studies reviewed by Fullana et al. (2018), ensur-
ing the comparability and applicability of our findings. A single
trial commenced with a context presentation for 1s (AB design,
lamp on an office desk during fear acquisition training, lamp on
a bookshelf during extinction training). This was followed by a 6s
CS presentation, namely the lamp lighting up in one of two colors:
blue or yellow. The US was delivered via a constant voltage stimu-
lator (STM200; BIOPAC Systems, Goleta, CA, USA) and two elec-
trodes attached to the fingertips of the index and middle fingers of
the right hand. The stimulation started at 5.9s after CS onset and
co-terminated with the CS+ presentation. The stimulation lasted
for 100ms, consisting of 1ms pulses at 50Hz. The US intensity
was calibrated individually before the start of the experiment to
be rated by participants as “very unpleasant but not painful”, start-
ing from 30 Volts (V) and increasing in steps of 5V (M=83.33V;
SD=21.65V). The trials were presented in a pseudo-randomized
order, without repeating the same type of trial more than twice in
a row. Prior to scanning, all participants were informed that they
would be presented with images and may or may not be presented
with electrical stimulation during the experiment. After comple-
tion of fear acquisition and extinction training, participants filled
out a contingency and stimulation rating questionnaire. First, they
were asked: ‘How many electrical stimulations do you think you
received in total during the experiment?’ and reported a number.
Second, for each CS (blue lamp, yellow lamp), they answered the
questions: ‘On what percentage of blue lamp presentations was an
electrical stimulation delivered?” and ‘On what percentage of yel-
low lamp presentations was an electrical stimulation delivered?’
(0-100% in steps of 10%).
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Acquisition
32 Trials

Extinction

16 Trials

FIGURE 1 | Experimental outline of fear acquisition (left panel) and extinction (right panel) training. US =unconditioned stimulus. Both fear
acquisition and extinction training started with a fixation cross, which was also presented between trials during an intertrial interval (ITI). The ITI
duration jittered from 6.8 to 9.5s. Following the ITI, a context—an office table with a lamp in acquisition, and a bookshelf with a lamp in extinction—
was presented for 1s. Then, the lamp color, which lit up with either blue or yellow color for a duration of 6s, signaled either a CS+ or CS— trial. The
US, delivered as an electrical stimulation to the right hand, was administered for a duration of 100ms, starting at 5.9s after CS+ onset and termi-
nating with CS+ offset. We used a pseudo-randomized partial reinforcement rate of 62.5%; thus, 10 out of 16 CS+ trials during acquisition training

were paired with the US.

2.3 | Skin Conductance Response Recording
and Analysis

Subjects’ skin conductance responses (SCRs) were measured
using an additional channel (GSR-MR sensor; Brain Products,
Munich, Germany) of the EEG amplifier (see below). Two Ag/
AgClelectrodes, each containing an isotonic 0.05M NacCl elec-
trolyte solution, were placed on the hypothenar area located
below the little finger of the left hand. Data were recorded
using the Brain Vision Recorder software (version 1.23.0003;
Brain Products, Munich, Germany) with a sampling rate of
5000 Hz.

The SCR data were preprocessed to remove scanner artifacts
(the specific preprocessing steps are described in Section 2.4)
and exported into MATLAB (version R2022b; MathWorks,
Natick, MA, USA) for further preprocessing in the EDA-App
(Otto et al. 2023). The SCRs were defined as the maximum am-
plitude values, determined via a foot-to-peak analysis, starting
within a 1 to 6.5s window relative to CS onset. We chose a rel-
atively longer window, which extends the commonly used 1 to
4s interval recommended by Boucsein et al. (2012), to capture
anticipatory responses throughout the entire CS presentation
interval in our long-CS paradigm and to align the SCR scoring
with the later trial segments analyzed in EEG and fMRI (4 to
6s post-CS onset; see Sections 2.4 and 2.5). Consistent with the
systematic comparison by Kuhn et al. (2022), who show that
longer, full-trial windows can perform similarly to narrower
windows and that no universally optimal latency window
exists, our choice was thus guided by the specific temporal

structure of our task. A minimal response criterion of 0.01 uS
was applied, consistent with common guidelines (Boucsein
et al. 2012). Responses below this threshold were scored as
zero, indicating non-responses, and were included in subse-
quent analyses to preserve the full range of individual vari-
ability. No additional standardization or scaling procedures
(e.g., range correction or z-scoring) were applied to the SCR
amplitudes. This decision reflects our focus on interindividual
differences in electrodermal activity, as standardization can
reduce meaningful variability and complicate interpretation
in studies assessing individual differences. The CR was de-
fined as the difference between the across-trial average SCR
values for CS+ and CS— for each participant. After prepro-
cessing, the SCR data were exported for subsequent statistical
analyses. Due to excessive residual scanner artifacts or a low
signal-to-noise ratio (SNR), a number of participants had to be
excluded to maintain data quality, resulting in a final sample
of N=35 for acquisition and N =32 for extinction.

2.4 | EEG Recording and Analysis

The EEG data were recorded using an MR-compatible
64-channel BrainCapMR system (Brain Products, Munich,
Germany) with an additional electrocardiogram (ECG) channel.
The electrode array consisted of the following channels, which
were positioned according to the 10-20 system: AF3, AF4, AF7,
AF8, C1, C2, C3, C4, C5, C6, CP1, CP2, CP3, CP4, CP5, CPo,
CPz, Cz, F1, F2, F3, F4, F5, F6, F7, F8, FC1, FC2, FC3, FC4,
FC5, FCe, Fpl, Fp2, Fpz, FT10, FT7, FT8, FT9, Fz, O1, 02, Oz,
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P1, P2, P3, P4, P5, P6, P7, P8, PO3, PO4, PO7, PO8, POz, Pz, T7,
T8, TP10, TP7, TP8, and TP9. The AFz and FCz electrodes were
used as ground and reference electrodes, respectively. Data were
recorded at a 5000Hz sampling frequency. A SyncBox (Brain
Products, Munich, Germany) was used to synchronize the scan-
ner clock with the EEG system, to ensure a precise gradient
marker estimation for correct gradient artifact removal.

The recorded EEG and SCR data were cleaned from gradient
(GA) and cardioballistic artifacts (BCG) using Brain Vision
Analyzer (version 2.2; Brain Products, Munich, Germany), fol-
lowing procedures described by Allen et al. (1998, 2000). The
GA was removed using the average artifact subtraction method
(AAS). We visually compared the two approaches, one using
the recorded scanner volume markers and the other using the
gradient marker detection method, based on the recommenda-
tions from Brain Products Support Team, as well as the guide-
lines for scanner artifact removal in Brain Vision Analyzer
(Brain Products 2022). The parameters for the gradient marker
detection method were set to 6000 uV/ms, and channel F6 was
selected for detection. For certain EEG recordings where de-
tection was not feasible with channel F6, we used other frontal
channels. The value of 6000 was adjusted downwards or up-
wards for some recordings when necessary for a proper gradient
marker estimation. The template artifact for both GA correction
approaches was constructed using the default 21 intervals for
sliding average calculation. The latter approach, in which we
used a detection method, resulted in better GA removal and thus
better signal-to-noise ratio (under visual assessment), which we
then adopted. Following the GA removal, the ECG channel was
used to find the R-peaks semiautomatically with Brain Vision
Analyzer to correct for BCG artifacts. We used a detection range
of 40-90 pulses per minute and adjusted this range upwards
for certain subjects with a higher heart rate. All the marked
R-peaks were visually inspected for all subjects and manually
adjusted if necessary. Analogous to the procedure used for GA
removal, an average pulse curve was subtracted from the EEG.
Following the BCG correction, the EEG channels were high-
pass filtered at 0.5Hz with a 50Hz notch filter to remove line
noise. The Infomax Independent Component Analysis (ICA)
was fitted to detect and remove eye-related artifacts (blinks and
saccades) manually. Bad channels were identified manually, re-
jected, and interpolated. All channels were then re-referenced to
the average reference. Trials were visually inspected for remain-
ing artifacts and rejected if necessary (M, g ;qiion = 1-82 rejected
trials, SD Acquisition = 2-46 rejected trials; Mg, ..., =0.88 rejected
trials, SDp ;. ion = 1.02 r€jected trials). One participant for ac-
quisition training and two participants for extinction training
were rejected at this stage due to more than half of either CS+ or
CS— trials being noisy. Using the wavelet method (5-cycle width)
as implemented in the FieldTrip package (version 20220104;
Oostenveld et al. 2011), participants' time-frequency represen-
tations (TFR) were computed from —4 to 8s (in steps of 0.05s)
and from 2 to 30 Hz (in steps of 0.5Hz). All trials were then dB-
normalized with a baseline period from —2.3 to —1.3s relative
to CS onset—an interval within the ITI during which a fixation
cross was presented.

The per-subject frontomedial theta values were defined as the
average of F1, Fz, and F2 electrodes in the range of 4 to 8 Hz
(Mueller et al. 2014; Sperl et al. 2019). They were computed for 3

distinct trial time segments relative to CS onset: 0 to 2s, 2 to 4s,
and 4 to 5.5s. The last segment was chosen to be 0.5s shorter to
avoid potentially confounding effects of the US, which was de-
livered at 5.9s post-CS onset. The per-subject frontomedial theta
averages for 16 CS+ and 16 CS— trials, respectively, were ex-
ported for further analysis and modeling with the fMRI General
Linear Model (GLM). These approximately 2-s-long windows
of theta power also allowed us to link the EEG theta signal to
the fMRI BOLD signal. To this end, we incorporated respective
theta averages as a parametric modulation regressor in whole-
brain fMRI GLM analyses, allowing us to link transient electro-
physiological activity with slower-evolving BOLD responses. To
ensure high data quality in all modalities, we visually inspected
whether participants’ data exhibited strong movement artifacts
in EEG and/or fMRI, or poor ECG quality. As a result, a total
of 15 participants' fear acquisition data and 11 participants' fear
extinction data had to be excluded from further analyses.

In addition to the main analysis described above, we conducted
an exploratory analysis for trial segments, in which fear acqui-
sition and extinction training were subdivided into first and
second halves, operationalized as the first and last 8 CS+ and 8
CS-— trials each during fear acquisition training and the first and
last 4 CS+ and 4 CS— trials each during extinction training. The
detailed results are reported in Figure S1.

2.5 | (f)MRI Recording, Analysis, and EEG-fMRI
Integration

For coregistration, T1l-weighted high-resolution MP-RAGE
anatomical images were acquired with the following parame-
ters: TR=8.2ms, TE=3.7ms, flip angle=8°, 220 slices, matrix
size=240mm x 240mm, resolution=1mm x 1mm x l1mm.
Scanning time was around 6 min.

During fear acquisition and extinction training, fMRI BOLD re-
sponses were obtained using echo planar imaging with the fol-
lowing parameters: TR=2500ms, TE=35ms, flip angle=90°,
40 slices, matrix size=112mm x 112mm, resolution=2mm x
2mm x 3mm. The scanning time was approximately 8 min for
fear acquisition training and 4 min for extinction training.

The BOLD data were preprocessed using FEAT from the FSL
toolbox (version 6.0.1; Jenkinson et al. 2011; Smith et al. 2004).
Preprocessing steps included correcting for head motion
(MCFLIRT) and slice timing, with a 6 mm FWHM Gaussian ker-
nel for spatial smoothing and a high-pass filter with a cutoff of
50s. A 6 mm kernel was chosen as it represents a commonly used
compromise between increasing signal-to-noise ratio and main-
taining spatial specificity, while also accounting for intersubject
anatomical variability in group analyses (Mikl et al. 2008). Each
BOLD image was linearly registered to the participant's high-
resolution T1-weighted anatomical scan, followed by linear reg-
istration to the Montreal Neurological Institute (MNT) standard
template with 12 degrees of freedom. A total of four participants
with strong movement or suboptimal coverage were removed
from consecutive analyses. To ensure comparability across mo-
dalities, analyses were restricted to participants with good qual-
ity data in both EEG and fMRI, resulting in a final sample of
N =35 for acquisition and N=39 for extinction.
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FIGURE2 | Overview of the EEG-fMRI analysis and integration pipeline, in which the EEG-derived metric (theta power) was entered as a first-
level parametric modulation regressor in the fMRI general linear model (GLM); in this article, this is referred to as the “first approach”. The fig-
ure outlines analysis steps for a single participant, which were repeated for all subjects before the group analysis. Please note that for visualization
purposes, the topographic plot, the differential time-frequency plot, and the average of trial-segment plot show the grand-average of all subjects during
extinction training; however, they were modeled with the fMRI GLM on the first level with each participant’s individual theta values in the actual anal-
ysis. (A) marks the start of the EEG-analysis part; (B) correction of gradient-, cardioballistic-, and ocular artifacts and filtering; (C) time-frequency
decomposition was performed on data averaged across frontomedial electrodes (F1, Fz, F2); (D) theta power (4-8 Hz) was averaged across three trial
segments post-CS onset (0 to 2, 2 to 4s, 4 to 5.5s) for CS+ and CS— conditions separately; (E) the individual participants’ average theta power values
were convolved with the hemodynamic response function (HRF), separately for CS+ and CS— trials, to generate parametric regressors; (F) simulta-
neously acquired fMRI data were preprocessed; (G) EEG-theta derived regressors were included in general linear models (GLMs) as predictors; (H)

resulting first-level statistical maps per participant were then analyzed on the group level separately for each trial-segment.

For the whole-brain EEG-informed fMRI modeling, we im-
plemented two distinct approaches: (1) we used per-subject
theta averages (collapsed across trials within condition and
time segment) as parametric modulation (PM) regressors at
the first level; and (2) we used the same per-subject average
theta values as covariates at the second level, following the
method outlined by Sperl et al. (2019). As a reference, we
also conducted a conventional fMRI analysis without incor-
porating EEG data, reported in Figure S2. The preprocessing
parameters in FEAT were identical across all approaches. In
each model, we included the following task-related regressors
in the GLM: the onsets of CS+ and CS— trials, the onset of the
context, the US delivery time point following a reinforced CS+
trial (acquisition only), and an analogous time point following
the unreinforced CS+ as well as the CS— trials. The CS+ and
CS- regressors were contrasted at the first-level GLM to ex-
amine condition-related BOLD differences in both EEG-fMRI
approaches and the fMRI-only approach. The specifics and
the key differences of the two EEG-driven-fMRI analyses are
described below.

In the first approach, we averaged the frontomedial theta values
within CS+ and CS— trials for each subject and used the average
CS+ and average CS— theta values (i.e., one value per condition
per subject per trial segment) as PM regressors on the first-level
GLM (see Figure 2). Specifically, we ran three distinct analy-
ses for fear acquisition and extinction training for the following
three post-CS time windows: 0 to 2s, 2 to 4s, and 4 to 5.5s. The
event onsets in FEAT were shifted to match the trial timing from
which the EEG data were taken (Figure 2). The event duration
was set to 0.1s, consistent with the event-related design. The re-
gressors for CS+ and for CS— were convolved with the canoni-
cal hemodynamic response function (HRF) and modulated by
each participant's individual theta value. All second-level anal-
yses were performed using FLAME (FMRIB's Local Analysis of
Mixed Effects) to estimate random effects. The second-level con-
trasts included the individual CS+ and CS- trial onset events, as
well as their contrasts: CS+> CS—, CS- > CS+.

The second approach followed the EEG-fMRI integration
methodology outlined by Sperl et al. (2019), using subject-level,
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trial-segment-averaged theta value differences as a second-level
covariate for the CS+ > CS— and CS— > CS+ first-level contrasts.
Similar to the first approach, we ran three first-level models for
fear acquisition and extinction training (0 to 2, 2 to 4s, and 4 to
5.5s trial segments). In contrast to the first approach, EEG theta
values were not included as parametric modulators at the first
level. Instead, each subject’s mean normalized CS+/CS— theta
difference was entered as a covariate at the second level. This
analysis did not yield any significant effects and is therefore not
reported further.

After the first-level analysis, the second-level models (group
level) for both approaches were analyzed with FLAME 1, ap-
plying cluster thresholding with a z-statistic threshold of 3.1
(Eklund et al. 2016) and p <0.05. The significant clusters were
mapped to brain areas using the Jiilich Histological Atlas and
the Harvard-Oxford Cortical and Subcortical Atlases, as imple-
mented in FSL. The significant statistical maps are visualized
using the MRIcroGL tool (version 2022-07-20; Rorden 2025).

2.6 | Statistical Analyses

Statistical analyses were conducted in IBM SPSS Statistics 29
(IBM, Armonk, NY, USA). To test the significance of the self-
report scores, a t-test was used for the reported percentage of
electrical stimulations received after CS+ and after CS— trials.
For SCRs, repeated-measures analysis of variance (ANOVA)
was conducted with the within-subjects factors CS type (CS+
vs. CS—) and time (first half of trials vs. second half of trials) and
their interaction. The alpha level was set to 0.05 for all analyses.
For EEG theta power, a repeated-measures ANOVA was com-
puted with the within-subjects factors CS type (CS+ vs. CS-),
trial segment (0 to 2s, 2 to 4s, 4 to 5.5s), and their interaction.

The assumptions of the ANOVAs were assessed. Sphericity was
evaluated with Mauchly's test and, where violated, Greenhouse—
Geisser corrected results are reported. The distribution of resid-
uals was inspected to verify the normality assumption (Lumley
et al. 2002). Effects with p<0.05 were considered statistically
significant and were followed up with Bonferroni-corrected
post hoc tests. Exploratory comparisons that were not supported
by a significant omnibus effect are reported in the Supporting
Information and clearly identified as exploratory. Following
the procedures and guidelines described by Lakens (2013) and
Steiger (2004), all ANOVA results are reported with partial n? ef-
fect sizes and their 90% confidence intervals (CI). For significant
post hoc comparisons, descriptive statistics (means, standard
deviations) and 95% CI for the mean differences (Bonferroni-
corrected) are reported.

3 | Results
3.1 | Contingency Self-Report Scores

The analysis of self-report scores obtained after fear acquisition
training revealed successful fear learning. Participants reported
receiving an average of 10.12 (SD =3.41) electrical stimulations,
aligning with the 10 stimulations over 16 CS+ trials. Likewise,
the average reported percentage of electrical stimulation (US)

received after the CS+ (M =54.5%, SD =18.19) was significantly
higher than after the CS— (M =7.98%, SD=15.53, (48)=11.32,
p<0.001, Cohen's d=1.61). The mean reported values closely
approximated the actual reinforcement rates of 62.5% for CS+
and 0% for CS—. For extinction training, all participants cor-
rectly reported that they received 0 electrical stimulations.

3.2 | Skin Conductance Responses (SCRs)
3.2.1 | Acquisition Training

A repeated-measures ANOVA was conducted to assess the ef-
fects of CS type (CS+ vs. CS—), time (first half of trials vs. second
half of trials), and the CS type X time interaction on SCRs during
fear acquisition training (Figure 3). The analysis revealed a sig-
nificant main effect of CS type, F(1, 34)=15.31, p<0.001, partial
1n°=0.311, 90% CI [0.10, 0.47], and a significant main effect of
time, F(1, 34)=13.33, p=0.001, partial 1?=0.282, 90% CI [0.09,
0.45]. The CS type X time interaction was not significant, F(1,
34)=0.244, p=0.624, partial n2=0.007, 90% CI [0.00, 0.11].

Bonferroni-corrected post hoc test showed that SCRs were
significantly higher for CS+ (M=0.40, SD=0.42) than CS—
(M=0.23, SD=0.27) during the first half of acquisition training
(p<0.001, 95% CI [0.09, 0.27]) as well as during the second half
of acquisition training (CS+: M=0.28, SD=0.38; CS—: M =0.12,
SD=0.23; p=0.006, 95% CI [0.05, 0.26]).

3.2.2 | Extinction Training

An analogous repeated-measures ANOVA was conducted for ex-
tinction training. The main effect of CS type was not significant,
F(1, 31)=1.93, p=0.175, partial n?=0.058, 90% CI [0.00, 0.22].
A significant main effect of time was observed, F(1, 31)=6.99,
p=0.013, partial n?=0.184, 90% CI [0.02, 0.36], reflecting a gen-
eral decrease in SCRs across extinction trials. The CS type X
time interaction was not significant, F(1, 31) =0.01, p=0.921,
partial n?=0.000, 90% CI [0.00, 0.17]. Bonferroni-corrected post
hoc tests confirmed that CS+ and CS— did not differ signifi-
cantly during either the first half (p=0.363) or the second half
(p=0.264) of extinction training, reflecting successful extinc-
tion of CR to CS (Figure 3).

3.3 | EEG: Frontomedial Theta Power
3.3.1 | Acquisition Training

A 2(CS type: CS+ vs. CS—)x 3 (trial segment: 0 to 2, 2 to 4s, 4 to
5.5s) repeated-measures ANOVA on frontomedial theta power
(defined as an average across F1, Fz, F2 electrodes, spanning
4-8Hz; see Figure 4 for topographical distribution of the theta
power and the location of F1, Fz, and F2 electrodes) revealed
a significant main effect of CS type, F(1, 34)=7.95, p=0.008,
partial 1?=0.190, 90% CI [0.03, 0.36], and a significant CS type
X trial segment interaction, F(2, 33)=3.47, p=0.043, partial
1?=0.174, 90% CI [0.01, 0.33]. The main effect of trial segment
was not significant, F(2, 33)=0.315, p=0.732, partial n>=0.019,
90% CI [0.00, 0.10].
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FIGURE 3 | Skin conductance responses (SCRs) for CS+ and CS— during the first and second halves of fear acquisition and extinction training.
Mean SCRs (in microSiemens, uS) were calculated separately for acquisition (averaged across the first and last 8 CS+ and 8 CS— trials each) and
extinction (averaged across the first and last 4 CS+ and 4 CS— trials each). Bars represent group means, error bars indicate 95% confidence intervals,
and gray circles represent individual participants connected across CS+ and CS— conditions. Outlier participants with SCR values exceeding the 1.4
uS threshold in either CS+ or CS— are shown in paired boxes above the bar plots (i.e., both values of the corresponding participant are displayed in
the same row). Asterisks denote significant differences (***p <0.001, **p <0.01).
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FIGURE 4 | Topographic distribution of EEG theta power (4-8 Hz) during fear acquisition and extinction training. Scalp maps are shown sepa-
rately for CS+, CS—, and their difference (CS+ — CS—) across three trial time windows (0 to 2s, 2 to 4s, and 4 to 5.5s post-CS onset). The three black
dots indicate the F1, Fz, and F2 electrodes, which define the frontomedial region used for averaging and subsequent analyses. Color intensity rep-
resents theta power in decibels (dB), with consistent color scales across time windows within each condition to allow comparability (ranges from —0.5
to 1 for the differential (CS+)—(CS—) topographies, and from —3.5 to —1.75 for CS+ and CS— in both acquisition and extinction). Note that although
frontal and posterior midline activity is clearly visible, fixed color bar limits (used to ensure comparability) may cause some of these effects to appear
visually attenuated.
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Bonferroni-corrected post hoc tests showed that theta power
was significantly higher for CS+ than CS— at 2 to 4s (CS+:
M=-2.20, SD=0.84; CS—: M =-2.64, SD=0.91; p=0.012, 95%
CI [0.11, 0.77]) and at 4 to 5.5s trial segments (CS+: M=-1.99,
SD=1.00; CS—: M=-2.71, SD=0.81; p=0.004, 95% CI [0.24,
1.21]) but not at the 0 to 2s trial segment (CS+: M=-2.29,
SD=0.77; CS—: M=-2.52, SD=0.77; p=0.158, 95% CI [-0.09,
0.55]).

To further test whether the CS+ vs. CS— difference increased
across trial segments (the expected “ramping-up effect”),
Bonferroni-corrected post hoc tests of difference scores (CS+
minus CS—) between consecutive time windows were con-
ducted. The increase was significant from 0 to 2s (M =0.23,
SD =0.94) to the interval 4 to 5.5s (M =0.72, SD =1.40; p=0.035,
95% CI[-0.96, —0.03]). This pattern is consistent with a progres-
sive ramping-up of theta power differentiation between CS+
and CS— during acquisition, in line with previous work (Starita
et al. 2023). Differences between other trial segments (i.e., 0 to
2s compared with 2 to 4s and 2 to 4s compared with 4 to 5.5s)
did not reveal significant effects (all ps >0.05).

3.3.2 | Extinction Training

An analogous 2 X 3 repeated-measures ANOVA on theta power
during extinction training revealed no significant main effect
of CS type, F(1, 38)=2.21, p=0.145, partial 12=0.055, 90% CI
[0.00, 0.20], no significant main effect of trial segment, F(2,
37)=1.31, p=0.283, partial n?=0.066, 90% CI [0.00, 0.20], and
no CS type X trial segment interaction, F(2, 37)=0.48, p=0.625,
partial n?=0.025, 90% CI [0.00, 0.11]. Complementary ramp-up

Acquisition

analyses revealed no significant increase in the CS+ vs. CS— dif-
ference across any time window during extinction (all ps > 0.05).

Prior studies suggest that participants’ behavior as well as neu-
rocognitive correlates change from the first to the second half of
fear acquisition and extinction training (e.g., see Ahs et al. 2015;
Graner et al. 2020; Sperl et al. 2021). To further investigate
whether differential CS+/CS— theta power is more prominent
during the first or the second halves of fear acquisition and ex-
tinction training, we exploratively split the trials into first and
second halves (see Figure S1). Similar to our results reported
above, we found the difference between CS+ and CS— to be sig-
nificant for trial segments at 2 to 4s and 4 to 5.5s in the first but
not the second half of fear acquisition training. This highlights
that the ramping-up effects observed and reported in Figure 5
are mainly driven by the first half of fear acquisition training. In
the case of extinction training, we observed the opposite pattern:
the difference between the CS+ and CS— showed a trend in the
late, but not in the first half of extinction training.

3.4 | Conventional fMRI Analysis Without EEG
Parameters

The conventional fMRI analysis revealed a significant activa-
tion in the dACC for the CS+ > CS— contrast during acquisition
training, with the peak activation voxel at x=2; y=22; z=32,
and a z-statistic value at the peak voxel of 4.21 (see Figure S2).
No other contrasts were significant in this analysis without EEG
parameters, i.e., neither the CS—>CS+ contrasts for acquisi-
tion or extinction, nor the CS+>CS— contrast for extinction.
However, a recent publication by Fraenz et al. (2025) with an
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FIGURE 5 | dB-normalized EEG theta dynamics from frontomedial electrodes (F1, Fz, and F2) during fear acquisition and extinction training

across three trial segments (0 to 2s, 2 to 4s, and 4 to 5.5s post-CS). The error bars indicate 95% confidence intervals around the mean. The significant

CS+ > CS— differences in specific trial segments, and the significant increase in the differential theta effect between trial segments, are marked with

asterisks (**p <0.01, *p <0.05).
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identical paradigm but a larger (N=126) sample, shows major
activations across the so-called “fear and safety networks”, over-
lapping with the meta-analysis maps from Fullana et al. (2016).

We performed an additional whole-brain analysis on the effects
of the US delivery (i.e., the unconditioned response) after the re-
inforced CS+ trials, contrasting it with a comparable time point
in CS- trials during fear acquisition training, which allowed
us to test the effectiveness of the US stimulation. We found ro-
bust activations across multiple threat- and pain-related regions
that have previously been linked to threat processing, namely
in the bilateral insular cortices, dACC, left precentral gyrus,
bilateral angular gyri, left primary somatosensory cortex, bilat-
eral opercula, and major cerebellar activations (see Figure S3).
Importantly, the activation in the left primary somatosensory
cortex during the US delivery period (middle axial slice in
Figure S3), shows, as anticipated, a contralateral response to the
US, which was delivered to the right hand.

3.5 | Simultaneous EEG-fMRI Results

Overall, the EEG-driven fMRI analysis revealed significant
theta-BOLD co-activation spanning the known “fear and safety
networks” during fear acquisition (see Figure 6 and Table 1) and
extinction training (see Figure 7 and Table 1). During fear acqui-
sition training, for the trial segment at 0 to 2s post-CS onset, we
did not find any significant theta-BOLD co-activation. For the
trial segment at 2 to 45, the bilateral primary motor and right so-
matosensory cortices, right inferior parietal lobule PGp and left
inferior parietal lobule PGp/7A, left cuneal and precuneal corti-
ces, as well as regions from the left visual cortex (V2-V4), were
significantly co-active for the CS+ > CS- contrast (see Figure 6
and Table 1). For the trial segment at 4 to 5.5s, significant clus-
ters in the right primary motor cortex, the left superior parietal
lobule 7A, and left cuneal cortex were co-active with EEG theta
for the CS+ > CS— contrast (see Figure 6 and Table 1). For the

CS—>CS+ contrasts, we did not find significant co-activation
in all trial segments of acquisition training.

During extinction training, we found for the trial segment 2 to
4s that the left vmPFC exhibited a theta-BOLD co-activation for
the contrast CS+>CS— (see Figure 7 and Table 1). In light of
the prominent role of the vimPFC for extinction learning (Milad
and Quirk 2012), this might point toward a role of frontomedial
theta in the extinction of aversive memories. We did not observe
significant theta-BOLD co-activations for either the 0 to 2s or
the 4 to 5.5s segment for the CS+ > CS— contrast.

We also found a significant theta-BOLD co-activation for the
CS—> CS+ contrast in the extinction training at the 0 to 2s trial
segment in the left precentral gyrus and premotor cortex (see
Figure 8 and Table 1). The CS—> CS+ contrasts in other trial
segments were not significant.

4 | Discussion

In this study, we investigated the temporal dynamics of fron-
tomedial theta, defined as the average over F1, Fz, and F2
electrodes in the 4-8 Hz range, during fear acquisition and ex-
tinction training using simultaneous EEG-fMRI. Consistent
with Starita et al. (2023), we observed a ramping-up of the theta
power difference between CS+ and CS— throughout the fear
acquisition trials. Theta-BOLD coupling during fear acquisi-
tion shifted from parietal and occipital regions (2 to 4 s post-CS)
to motor areas (4 to 5.5s), reflecting different stages of threat
encoding. During extinction training, theta-driven BOLD cou-
pling was confined to the vimPFC in the mid-segment (2 to 4s),
pointing to a temporally specific role for frontomedial theta in
updating aversive memory representations. Together, these re-
sults confirm our assumptions about the temporal specificity of
functional activation in different brain structures during fear
conditioning and extinction.

CS+>CS-
Trial segment2to 4 s

B

3.2 3.4 36 38 4.0

z-value

CS+>CS-
Trial segment 4 to 5.5 s

32 34 36 338 40
z-value

FIGURE 6 | EEG-theta-BOLD co-activation for CS+> CS- during fear acquisition training, across the 2 to 4s and 4 to 5.5s trial segments, plotted
on the transparent MNI152 template. Red-to-yellow (left color bar) indicates a significant cluster during the 2 to 4s trial segment for the CS+>CS—
contrast. Blue-to-green (right color bar) indicates a significant cluster during the 4 to 5.5s trial segment for the CS+ > CS— contrast. For the 0 to 2s
trial segment, no significant theta-BOLD co-activation occurred. The color bars code the thresholded z-statistic values from 3.1 to 4.1.
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TABLE1 | Overview of the MNI coordinates for the peak cluster activation points related to theta-BOLD co-activation.

MNI coordinates

Phase Time (s) Contrast Area x y z z-stat.
Acquisition 0to2 CS+>CS- Not significant — — — —
Acquisition 0to2 CS-> CS+ Not significant — — — —
Acquisition 2to4 CS+>CS- Bilateral primary motor cortices and 1.9 —35.6 57.9 4.4

right primary somatosensory cortex
Left V2-V4 —25.5 —54.0 -5.8 4.3
Right inferior parietal lobule PGp 46.3 =722 346 4.3
Left inferior parietal lobule PGp/7A -224 =762 343 4.2
Left cuneal cortex/left precuneal cortex -12.3  -72.0 30.0 4.0
Acquisition 2to4 CS-> CS+ Not significant — — — —
Acquisition 4t05.5 CS+>CS- Right primary motor cortex 4.2 -19.7 539 4.2
Left superior parietal lobule -219 -740 321 4.7
7A and left cuneal cortex

Acquisition 4t05.5 CS-> CS+ Not significant — — — —
Extinction 0to2 CS+>CS- Not significant — — — —
Extinction 0to2 CS->CS+  Left precentral gyrus and premotor cortex -24.0 -10.3  49.9 39
Extinction 2to4 CS+>CS- Left vimPFC -11.5 40.3 —4.2 4.1
Extinction 2to4 CS-> CS+ Not significant — — — —
Extinction 4t05.5 CS+>CS- Not significant — — — —
Extinction 4to5.5 CS-> CS+ Not significant — — — —

Note: The areas highlighted in bold are the brain regions according to anatomical atlases (Jiilich Histological Atlas and the Harvard-Oxford Cortical and Subcortical

Atlases).

Abbreviations: 7A, area 7 anterior; PGp, parietal area G posterior; vmPFC, ventromedial prefrontal cortex.

32 3.4

CS+>CS-
Trial segment2to 4 s

36 38 4.0

FIGURE 7 | EEG-theta-BOLD co-activation for the CS+ > CS- contrast during extinction training in the 2 to 4s trial segment, plotted on the
transparent MNI152 template. Red-to-yellow indicates a significant cluster during the 2 to 4s trial segment for CS+> CS—. This cluster spans the left
vmPFC. No significant effects occurred in the other trial segments. The color bar codes the thresholded z-statistic values from 3.1 to 4.1.

Self-report ratings and SCRs both confirmed that participants
successfully acquired and extinguished conditioned fear. As ex-
pected, SCR results showed a robust CS+ > CS— differentiation
during the first and second halves of the acquisition training
and no significant differential effect in both halves of extinction.

It is important to note that extinction training in our paradigm
was conducted in a different visual context than acquisition (AB
design). This choice was made to facilitate the translational ap-
plicability of our findings to real-life scenarios of exposure ther-
apy, which usually takes place in a different context from the
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CS->CS+

Trial segmentOto2s

I

32 34 36 38 2.0
z-value

FIGURE 8 | EEG-theta-BOLD co-activation for the CS- > CS+ contrast during extinction training in the 0 to 2s trial segment, plotted on the
transparent MNI152 template. Red-to-yellow indicates a significant cluster during the 0 to 2s trial segment for CS—> CS+. This cluster is centred at
the left precentral gyrus. No significant effects occurred in the other trial segments. The color bar codes the thresholded z-statistic values from 3.1

to4.1.

one in which aversive associations have been acquired (see, for
example, Beckers et al. 2023). This transition between phases,
marked by both an 8-min rest period and the context change,
likely signaled a new and ambiguous situation for participants.
We interpret the increase in SCRs to both CS+ and CS— during
early extinction as evidence of generalized arousal in response
to the context shift and phase transition (see Figure S4). This in-
terpretation is in line with work showing that context shifts can
alter SCRs independently of associative learning (e.g., elevated
or altered responding following a context change; Sjouwerman
et al. 2015). Separately, latent-cause models of conditioning sug-
gest that such contextual changes can encourage learners to as-
sign extinction trials to a new latent state with its own learning
history (Gershman et al. 2010). We therefore view our data as
consistent with the idea that context changes may both elicit
non-associative arousal and alter the inferred state of the task,
though the generalized arousal and the latent-cause inference
reflect fundamentally different mechanisms. Crucially, how-
ever, the temporal progression of SCRs across trials shows that
despite this initial, elevated response, SCRs to both the CS+
and CS— diminished by the end of the session (see Figure S4).
Importantly, the time course of responding to the CS+ is more
fluctuant compared to a steady decrease in responding toward
the CS-, confirming successful extinction learning and thus
indeed associative processes. Fluctuations might reflect the
partial reinforcement rate between CS+ and US during fear ac-
quisition training. Still, results regarding the initial extinction
trials also argue for an involvement of non-associative arousal,
such as generalized arousal and/or context-induced interfer-
ence. Finally, we note that extinction training comprised fewer
trials than fear acquisition training, following earlier paradigms
in human fear conditioning research (e.g., Phelps et al. 2004;
Milad et al. 2007). While this choice ensures comparability with
prior work, recent methodological guidelines now recommend
using longer or dynamically adjusted extinction training phases
to better capture the full time course of fear attenuation (e.g.,
Lonsdorf et al. 2017). This difference in trial numbers should be
considered when interpreting the extinction-related findings of
the present study.

Frontomedial theta effects (Figure 5) during acquisition train-
ing in our sample confirmed the ramping-up effects reported
by Starita et al. (2023), robustly demonstrating the role of theta
frequency in threat expectation, especially near US delivery (2
to 4s and 4 to 5.5s post-CS onset). Exploratory analyses split-
ting acquisition training into first and second halves (Figure S1)
revealed that the differential theta effect toward trial end is pri-
marily driven by the first half of acquisition, while the effect
plateaus during the second half, potentially due to habituation
to the US (Sperl et al. 2016) if theta tracks threat. Interpreting
these findings alongside Clarke et al. (2018), who show that fron-
tomedial theta power drops as association strength increases,
we propose that frontomedial theta facilitates CS+/US associa-
tion formation, predominantly in early acquisition, as a wiring
mechanism bridging their temporally disconnected onsets. This
interpretation is further supported by animal studies (Karalis
et al. 2016; Likhtik et al. 2014; Seidenbecher et al. 2003) and our
own exploratory results (Figure S1) show that significant fronto-
medial theta differentiation in the first half of trials disappears
in the second half. Although habituation could account for the
absence of a differential CS+/CS— EEG theta effect later in ac-
quisition (Figure S1; Sperl et al. 2016), the sustained differential
CS+/CS— effect in SCR data across both halves (Figure 3) count-
ers this explanation. This dissociation between EEG and SCR
patterns motivates extending the interpretation to extinction
learning, where the differential CS+/CS- effects in SCR emerge
only in the initial trials (Figure S4), whereas the differential
CS+/CS- theta effects appear only in the later trials (Figure S1).
Together, these findings suggest that frontomedial theta activ-
ity may not solely reflect threat expectation but also processes
related to fear regulation and suppression during extinction
learning. These findings, however, should be interpreted cau-
tiously given the limited trial numbers, underscoring the need
for future studies using finer temporal scales or single-trial anal-
yses, such as representational similarity analysis (Kriegeskorte
et al. 2008), with larger samples.

While we did not find a significant CS+>CS— effect in the
EEG theta averaged across all trials during extinction training
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(Figure 5), a similar exploratory analysis as for the acquisition,
where we analyzed the first and second halves of extinction tri-
als (4 CS+ and 4 CS- trials each), showed a comparable theta
ramping-up effect during the second but not the first half of ex-
tinction training (see Figure SI1), with the 4 to 5.5s trial segment
being significant for CS+ > CS—. Note that we did not observe
a significant ANOVA main effect for stimulus type during the
late extinction with our sample (only at trend-level: p=0.066),
indicating that the robustness of these effects during extinction
requires further investigation. Nevertheless, consistent with
transient extinction phenomena documented in humans (LaBar
et al. 1998; Phelps et al. 2004), our interpretation is that partici-
pants need several trials without the US in the new context be-
fore recognizing the shift. By the second half of extinction trials
(trials 5-8), fear is likely suppressed and/or a new safety mem-
ory is being formed—indicated by the return of the theta ramp-
ing-up effect, potentially marking an update in CS contingency.
Accordingly, we propose that theta facilitates CS+/US associ-
ations during early acquisition and may support the formation
of new safety memories or the suppression of old aversive as-
sociations during later extinction. However, it is important to
note that competing theoretical accounts of extinction propose
different mechanisms underlying this process. Extinction may
involve either the modification of the original CS+/US memory
(“unlearning”), the formation of a new inhibitory association
that suppresses fear expression, or a dynamic interplay between
both mechanisms (Bouton et al. 2021; Gershman et al. 2017;
Pearce and Hall 1980; Rescorla and Wagner 1972). The vmPFC
activation observed concurrently with theta modulation during
extinction aligns with prior work implicating this region in
the balance between these mechanisms, mediating the sup-
pression of fear while enabling flexible retrieval of safety asso-
ciations. The findings of the conventional fMRI-only analysis
(Figure S2) showed a rather classical activation in the dACC for
the CS+ > CS— contrast during acquisition, which is consistent
with earlier studies (see Fullana et al. 2016, 2018, for example).
Though no other significant activation has been observed for the
classical fMRI analysis in this simultaneously recorded EEG-
fMRI sample, a recent publication from our lab with the iden-
tical paradigm and a bigger sample with 126 individuals (see
figures S7 and S8 of Fraenz et al. 2025) has shown a broader
activation in the relevant fear and safety networks.

With our EEG-driven fMRI analysis, we found distinct ac-
tivation patterns across the brain at different trial segments
during fear acquisition training for the CS+>CS— contrast.
Specifically, activation was observed in the left cuneal and pre-
cuneal regions, the left and right segments of the inferior pari-
etal lobule, as well as the left visual, bilateral motor, and right
somatosensory cortices at 2 to 4s relative to the CS onset. The
theta-modulated BOLD responses at the 4 to 5.5s trial segment
were exhibited in the right primary motor cortex, left cuneal
cortex, and the left superior parietal lobule. This partially over-
lapped with the activation observed at the 2 to 4s segment; how-
ever, other structures active at 2 to 4s were no longer engaged.
The involvement of cuneal and precuneal cortices during the 2
to 4s trial segment, together with visual cortex structures, might
indicate multimodal sensory integration and again confirm
the interpretation of Starita et al. (2023) on the role of theta in
threat expectation during fear learning. However, in contrast to
our findings, this area has primarily been reported in previous

studies during extinction training (Fullana et al. 2016; Phelps
et al. 2004; Wen et al. 2021). For instance, Wen et al. (2021) inter-
preted precuneus activation (part of the default mode network)
asreflecting the integration of otherwise segregated sensory and
cognitive systems to support the complex demands of extinction
learning. However, as suggested by Andres et al. (2024), the
functional role of brain structures previously believed to be spe-
cific to threat or safety processing may need to be re-evaluated.
For example, Battaglia et al. (2020) reported that participants
with vmPFC lesions failed to produce conditioned physiologi-
cal responses as a result of acquisition training—suggesting a
necessary re-evaluation of the role of vmPFC beyond extinction
training. Although our findings do not overlap with the source-
localized regions reported by Starita et al. (2023), this discrep-
ancy is not surprising since we explored the co-activation of
subject-specific theta values and the BOLD signal across all
voxels in the whole brain, in contrast to a theory-driven subset
of anatomical brain regions. Likewise, by using EEG theta as a
parametric modulation regressor in the fMRI BOLD analysis,
we aimed to directly link the two imaging modalities, whereas
source localisation techniques, used in the original paper by
Starita et al. (2023), serve a different purpose: mapping scalp-
level EEG activity to the anatomical locations of its underlying
generators. Importantly, the shift from parietal and occipital
brain structures at 2 to 4 s to clearer motor activations at4 to 5.5s
might reflect the initiation of motor responses for fight-or-flight
behavior in anticipation of threat (see Mobbs et al. 2007, 2009).
Therefore, we note that the effects observed in the late temporal
window (4 to 5.5s post-CS onset) may not be exclusively driven
by learning or memory processes but are also likely influenced
by expectation and contingency processes. Though our goal was
to link theta activity to regions in the whole brain, future studies
might benefit from employing a similar approach but with pre-
defined regions of interest (ROI) analyses, as the high resolution
of 3T fMRI could have prevented local activations in other re-
gions from surviving the multiple comparisons correction.

During extinction training, we found a significant theta-
modulated BOLD response in the vimPFC solely during the 2 to
4s trial segment, which highlights a potential temporal specific-
ity of vmPFC activation relative to CS onset. Taken together with
our finding that the differential theta power effects emerged
during the second half of extinction training, these results may
align with the 6-9Hz effects reported by Totty et al. (2023),
which were shown to mediate mPFC-hippocampal connectiv-
ity in mice. Additionally, the inconsistency of vimPFC activation
during extinction learning in earlier work (Andres et al. 2024;
Fullana et al. 2018) may be attributable to the temporal spec-
ificity of vmPFC engagement, which might be averaged out if
an entire trial period was chosen for analysis. Thus, our data
suggest that studies failing to detect vmPFC involvement during
extinction likely used analysis windows that did not encompass
the critical interval at 2 to 4s post-CS onset in which theta-
modulated vmPFC activation emerged in our sample. Across the
physiological modalities, the SCR results showed a reduction in
the differential CS+/CS- effect in the second half of extinction,
while exploratory EEG results show an increase in differential
CS+/CS—induced theta in the second half of extinction, and our
EEG-informed fMRI results indicate theta-modulated vmPFC
activation. We interpret that these findings suggest an involve-
ment of theta activity during extinction learning by supporting
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an update of the original memory. Specifically, theta may pro-
mote learning of a new association—namely, that the CS+ no
longer signals the US—and the suppression of fear responses, as
indicated by reduced differential SCRs to the CS.

Interestingly, the theta-BOLD co-activation in the precen-
tral gyrus and premotor cortex at the 0 to 2s trial segment of
extinction training was the only significant effect among all trial
segments across both experimental phases for the CS—>CS+
contrast. Given the heightened SCR to CS— trials in the first
half of extinction, this effect may reflect an expectancy of CS+/
US contingency reversal in a novel context, as described above.
Taken together with the robust theta-BOLD co-activation for
CS+> CS— and the timing of these effects, our findings suggest
that frontomedial theta is more closely tied to threat-related pro-
cessing than to safety signaling.

While classical threat-conditioning studies often report acti-
vation in the dACC and insula, (e.g., Radua et al. 2025; Wen
et al. 2024), we did not observe significant responses in these
regions for the CS+ > CS— contrast in the EEG-driven fMRI
results. Nor did we detect amygdala activation, consistent
with the notion that its engagement in human threat condi-
tioning remains debated (Visser et al. 2021; Wen et al. 2022).
Although our analysis employed a whole-brain approach, de-
tecting activity within smaller subcortical structures such as
the amygdala would require a dedicated ROI analysis, which
would deviate from the exploratory, whole-brain framework
adopted here. Future studies could complement this approach
with targeted ROI analyses to further examine the contribu-
tion of these structures to theta~-BOLD coupling. It is there-
fore important to note that the EEG-driven fMRI approach
applied here is not a conventional whole-brain method but
rather a special data-fusion technique emphasizing voxels
whose BOLD time courses covary with fluctuations of fronto-
medial theta. Consequently, the analysis selectively highlights
cortical regions whose activation is temporally coupled with
theta oscillations, rather than providing an exhaustive picture
of all fear-related activity in the brain. From this perspective,
the absence of typical “fear network” activations during fear
learning may indicate that frontomedial theta dynamics at
different trial segments reflect processes other than canoni-
cal threat expression, possibly a neural correlate of threat ex-
pectation or attentive monitoring of aversive contingencies,
as previously suggested by Starita et al. (2023). Although our
exploratory EEG results warrant caution, they point to a po-
tentially pivotal role of frontomedial theta across fear acquisi-
tion and extinction learning—supporting CS+/US association
formation during acquisition and updating this association
during extinction. Moreover, the prominent vmPFC activation
observed in our EEG-informed fMRI analyses during extinc-
tion suggests that this same theta rhythm may shift func-
tionally toward regulating fear suppression or promoting the
formation of safety memory, consistent with prior accounts of
midline-prefrontal involvement in extinction and safety re-
trieval (Wen et al. 2021; Zhang et al. 2025). These interpreta-
tions, however, should be regarded as tentative. Future studies
with larger samples and higher fMRI field strength at 7 Tesla,
permitting layer-specific and connectivity-informed analyses,
will be essential to clarify whether frontomedial theta exerts
a top-down influence on cortical and subcortical nodes of the

“fear and safety networks”, or instead reflects a downstream
readout of these processes. This could provide a more mecha-
nistic interpretation of whether the theta-BOLD co-activation
in vmPFC during extinction learning supports more the fear
suppression, safety memory formation, or both processes
simultaneously.

Although this study aimed to combine the temporal precision
of EEG with the spatial resolution of fMRI to leverage the
strengths of both modalities, each method individually pres-
ents challenges for directly linking EEG signals to the BOLD
response (for a review, see Abreu et al. 2018). Of particular
importance is the low signal-to-noise ratio of the EEG and
the necessity of having a large number of repetitions, which
are then averaged to enhance the signal quality (Luck 2014).
While this method works well in sensory-motor experiments,
learning processes, which are characterized by a dynamic
change between trials during the course of each learning
phase, might be too transient and be averaged out over the
course of many repetitions (Sperl et al. 2021), and participants
may even habituate to the aversiveness of the stimuli (Sperl
et al. 2016). Earlier work in the associative learning experi-
ment by Hanslmayr et al. (2011), who attempted to relate trial-
by-trial theta activation to the BOLD signal with parametric
modulation, did not yield any significant results. Therefore, to
establish a direct relationship between the BOLD signal and
EEG spectral components, we averaged across all EEG trials
for each participant, trading off across-trial temporal resolu-
tion in favor of capturing within-trial dynamics in the EEG-
fMRI integration. Also, our additional approach to adopt the
methodology of Sperl et al. (2019)—linking EEG theta activity
to the BOLD signal at the second-level group analysis—did
not yield any significant results. However, in light of our com-
bined EEG-fMRI results and previous EEG work (e.g., Starita
et al. 2023), we see the necessity of studying the EEG-fMRI
relationship on a longer time scale, beyond the short periods
post-CS onset, as the activation pattern changes dynamically
throughout the trial. By adopting the approach from Starita
et al. (2023), we artificially split data into three 2-s segments,
but the true theta-BOLD relationship may occur on even nar-
rower time segments. This warrants future research to ex-
plore indirect fusion methods for the two modalities, applying
techniques such as representational similarity analysis (RSA;
Kriegeskorte et al. 2008). Specifically, this method could en-
able the linking of similarity measures from EEG data on time
scales both between and within trials—shorter than the 2s
trial segments—while also allowing for a division of trials into
first and second halves. On the other hand, an extension of
our approach of EEG-fMRI integration as a parametric modu-
lation, but with EEG-theta averaged from temporally shorter
segments (with 1 or 0.5s trial segments, for example), could
possibly reveal even finer, temporally specific activation in the
BOLD signal, though segments too short (i.e., too few cycles
per segment) could lead to inaccurate estimation of the fre-
quency effects (Cohen 2014).

In the present work, we focused specifically on the theta fre-
quency range (4-8Hz) because of its well-established role in
orchestrating communication between frontal and limbic re-
gions during learning and memory processes (Cavanagh and
Frank 2014; Karalis et al. 2016). Converging evidence links
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frontomedial theta to the encoding of aversive predictions (Chen
et al. 2021; Sperl et al. 2019), and adaptive control (Cavanagh
and Frank 2014; Cohen and Donner 2013), functions that are
central to threat and extinction learning. Other frequency
bands, such as alpha, beta, or gamma, may also contribute to
fear learning by indexing inhibitory or attentional mechanisms
(see Herrmann et al. 2016; Klimesch 2012; Mueller et al. 2014;
Panitz et al. 2019), yet their coupling with BOLD activity re-
mains largely unknown. This leaves room for future studies to
examine broader spectral-BOLD relationships across multiple
frequency bands to provide a more comprehensive understand-
ing of how oscillatory networks support fear acquisition and
extinction. Such investigations could elucidate whether theta—
BOLD interactions represent a unique mechanism of affective
learning or form part of a wider spectrum of frequency-specific
neural dynamics.

Likewise, future studies combining EEG and fMRI simultane-
ously during fear acquisition and extinction training at higher
MRI field strengths, which provide higher spatial resolution,
and with more trials in both acquisition and extinction, may help
clarify the directionality of the effects we reported. For example,
whether vmPFC activation—building on results from animal
models (Milad and Quirk 2012)—enables the extinction of fear
memories by suppressing amygdala activation, and how this
mechanism might relate to theta oscillations, remains elusive.
ROI analyses, as opposed to whole-brain analyses in our study,
could help in answering this question. Lastly, future fMRI-only
studies with bigger samples might find distinct activation pat-
terns in the brain at different trial segments relative to the CS
onset, but also across the trials, to uncover the learning dynam-
ics throughout the experiment. This could potentially untangle
the brain structures comprising the so-called “fear and safety
networks” and link activation of individual brain structures to
specific time points throughout the experiment. Taken together,
these findings would support a view of extinction learning as
a dynamic process that integrates both suppression of the orig-
inal fear response and the formation of new safety memories.
The temporal specificity of theta—-vmPFC coupling (as observed
in our data) may thus mark the neural instantiation of this
interplay.

In conclusion, this study demonstrates that frontomedial theta
power during fear and extinction learning reflects temporally
dynamic neural processes that are linked to distinct brain re-
gions. Ramping-up of theta power (for CS+ relative to CS—
stimulation) corresponds to somatosensory engagement during
threat anticipation in acquisition training, while theta~vmPFC
co-activation during extinction learning suggests involvement
in updating aversive memory representations. Our findings
highlight the value of combining EEG and fMRI to uncover the
spatiotemporal mechanisms underlying both fear and extinction
learning. Future work may build on this foundation by inves-
tigating neuromodulatory or clinical interventions targeting
these processes.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: dB-normalized EEG theta
dynamics from frontomedial electrodes (F1, Fz, and F2) during fear ac-
quisition and extinction training across three trial segments (0 to 2s, 2
to 4s, and 4 to 5.5s post-CS), during first half (trials 1-8 in acquisition
training; trials 1-4 in extinction training) and second half (trials 9-16
in acquisition training; trials 5-8 in extinction training). The error bars
represent 95% CIs around the means. The significant CS+ > CS— differ-
ences in specific trial segments are marked with asterisks (**p <0.01,
*p<0.05). Figure S2: Results of the fMRI analysis without EEG pa-
rameters for the CS+>CS— contrast during fear acquisition training,
plotted on the transparent MNI152 template. The color bar codes the
thresholded z statistic values from 3.1 to 4.1 in the significant cluster
for the CS+>CS— contrast, centred in the dorsal-anterior cingulate
cortex (dAACC) — a classical brain area of the so-called “fear network”,
which has also been reported in a majority of other studies (for a meta-
analysis, see Fullana et al. 2016). The CS—> CS+ contrast was not sig-
nificant. Figure S3: Reaction to the US delivery (i.e., the unconditioned
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response), contrasted with a similar time point during the CS— trials.
Voxelwise statistical maps are overlaid on the MNI152 2mm template.
The color bar codes the thresholded z-statistic values from 3.1 to 6.1 (this
is in contrast to other brain maps in the main manuscript, where the
color bar ranges from 3.1 to 4.1). Whole-brain analysis revealed a robust
activation in bilateral insula, dorsal-anterior cingulate cortex (dACC),
left precentral gyrus, bilateral angular gyri, left primary somatosensory
cortex, bilateral opercula, and the whole cerebellum. Activation in the
left primary somatosensory cortex during the US delivery period (mid-
dle axial slice) shows, as anticipated, a contralateral response to the US,
which was delivered to the right hand. Figure S4: The trial-by-trial skin
conductance responses (SCRs) averaged for all participants during fear
acquisition training (N=35) and extinction training (N=32). The error
bars denote the 95% confidence interval around the mean across par-
ticipants. The significant CS+ > CS— differences in specific trials are
marked with asterisks (**p <0.01, *p <0.05).
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