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Abstract
The post-retrieval extinction paradigm, rooted in reconsolidation theory, holds promise for enhancing extinction learning 
and addressing anxiety and trauma-related disorders. This study investigates the impact of two reminder types, mild US-
reminder (US-R) and CS-reminder (CS-R), along with a no-reminder extinction, on fear recovery prevention in a categorical 
fear conditioning paradigm. Scalp EEG recordings during reminder and extinction processes were conducted in a three-day 
design. Results show that the US-R group exhibits a distinctive extinction learning pattern, characterized by a slowed-down 
yet successful process and pronounced theta-alpha desynchronization (source-located in the prefrontal cortex) during CS 
processing, followed by enhanced synchronization (source-located in the anterior cingulate) after shock cancellation in 
extinction trials. These neural dynamics correlate with the subtle advantage of US-R in the Day 3 recovery test, presenting 
faster spontaneous recovery fading and generally lower fear reinstatement responses. Conversely, the CS reminder elicits 
CS-specific effects in later episodic tests. The unique neural features of the US-R group suggest a larger prediction error and 
subsequent effortful conflict learning processes, warranting further exploration.
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Introduction

Reactivating the original memory is believed to open the 
door to memory destabilization and subsequent "reconsoli-
dation," wherein various manipulations can update the origi-
nal memory trace, leading to diverse memory consequences 
(Lee et al. 2017). In the realm of fear conditioning, exposure 

to a reminder of the conditioning experience (CS +) purport-
edly destabilizes a fear memory, making it susceptible to dis-
ruption through pharmacological treatments that induce fear 
"erasure" in rodents (Nader et al. 2000). This concept was 
later adapted to drug-free procedures (Monfils et al. 2009), 
where presenting the retrieval cue (CS +) before classical 
extinction training was found to enhance extinction learning 
and prevent fear relapse. This approach quickly extended to 
human participants (Schiller et al. 2010).

However, despite early replications (Bjorkstrand et al. 
2016; Agren et al. 2012; Schiller et al. 2013; Johnson and 
Casey 2015), the robustness and generalizability of the supe-
rior effect of post-retrieval extinction training in humans 
are facing challenges. Evidence suggests that a simple 
CS + reminder before extinction training may not effectively 
prevent fear relapse for fear-relevant stimuli (Fricchione 
et al. 2016; Golkar et al. 2017, 2012) or in more generalized 
situations (Kroes et al. 2017; Drexler et al. 2014; Soeter and 
Kindt 2011). Moreover, preregistered studies failed to fully 
replicate the CS + reminder effect in an independent sample 
(Chalkia et al. 2010; Chalkia et al. 2020), underscoring the 
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need for a cautious approach toward the CS + reminder's 
advantage in preventing fear relapse.

Simultaneously, an alternative paradigm has been pro-
posed, using unconditioned stimuli (US) with lower inten-
sity as the reminder cue. This approach, known as the US-R 
paradigm, posits that subsequent extinction training can 
affect the fear response of all conditioned stimuli (CSs) 
associated with the US, potentially enhancing the efficiency 
of post-retrieval effects on the original fear memory (Liu 
et al. 2014). While the US-R paradigm shows promise in 
reducing cue specificity of memory reactivation (Dunbar and 
Taylor 2017a, 2017b) and has demonstrated the elimination 
of the return of extinguished fear responses to fear-relevant 
stimuli (Thompson and Lipp 2017), empirical evidence for 
this paradigm remains relatively limited.

Despite the paradigm of post-retrieval extinction being 
derived from the concept of reconsolidation, distinctions 
have been noted in the conceptual hierarchy between the 
reminder-dependent effect and reconsolidation processing 
(Schroyens et al. 2021; Hardwicke et al. 2016). Research-
ers face challenges in confirming whether the post-reminder 
effect, observed solely through behavioural observation, is 
attributable to reconsolidation. This dilemma has led to a 
call for evidence from neural/brain aspects to enrich the 
understanding of the real contribution of the post-reminder 
advantage (Haubrich et al. 2020).

Electroencephalography (EEG) technology presents an 
opportunity to explore these exciting inquiries due to its 
non-invasive nature and high temporal resolution, allow-
ing for a close examination of specific cognitive processes. 
While EEG has not been previously applied to post-reminder 
extinction protocols, incorporating neural oscillation fea-
tures into this research field could shed light on the under-
lying neural conditions of assumed fear memory destabiliza-
tion and updating.

Specifically, theta band phase synchronization is recog-
nized as a crucial mechanism facilitating synaptic plasticity 
and interregional communication within the brain (Fell and 
Axmacher 2011), demonstrating an increase in theta-phase 
synchronization during memory encoding and retrieval in 
rodents (Benchenane et al. 2010; Place et al. 2016) and 
humans (Summerfield and Mangels 2005; Weiss and Rap-
pelsberger 2000). In the context of fear memory processing, 
numerous studies involving animals as well as intracranial 
electroencephalography recordings indicate the importance 
of synchronization in the theta band during different stages 
of fear acquisition and extinction, within and between key 
structures of the fear circuitry, such as the amygdala, hip-
pocampus, and regions of the medial prefrontal cortex 
(mPFC) (Taub et al. 2018; Chen 2021; Lesting et al. 2011). 
In human studies, utilizing electroencephalogram and source 
estimation methods, fear expression was found specifically 
associated with theta activity in anterior midcingulate cortex 

(Mueller et al. 2014), thereby bridges findings from prior 
rodent research and human neuroimaging studies. Com-
bined with fMRI techniques, changes in theta power were 
also observed to correspond with alterations in amygdala 
activation. Theta activity associated with fear and extinc-
tion recall accounted for 60% of the variance observed in 
the right amygdala (Sperl et al. 2019). These oscillation and 
synchronized activities facilitate precisely timed neural pro-
cesses essential for synaptic plasticity (Bocchio et al. 2017; 
Seidenbecher et al. 2003), not only play a role of incidental 
signature of memory (Hanslmayr et al. 2019), but a causal 
glue that binds associative memory formation (Clouter et al. 
2017).

In addition, alpha oscillations are also closely related 
to human emotional learning and unbinding. For instance, 
research has demonstrated that even successful pattern sepa-
ration of emotional stimuli is associated with theta band. 
However, the discrimination failure was linked to alpha 
band (7–13 Hz)-coordinated unidirectional influence from 
the amygdala to the hippocampus, indicating that alpha band 
synchrony may impair emotional discrimination (Zheng, 
et al. 2019). Furthermore, changes in alpha power have long 
been associated with internally focused cognitive processes 
such as imagery, wakefulness, and anticipation (Bonnefond 
and Jensen 2012; Basar and Guntekin 2012). These clas-
sic observations led to some new insights indicating that 
dynamic changes in alpha-band neural activity are involved 
in updating threatening representations (Riels et al. 2022).

Notably, these medium–low frequency (i.e., alpha 
and theta) oscillations are typically associated with error 
monitoring and conflict resolution processing, particularly 
when involving activations from the prefrontal cortex and 
anterior cingulate (Cavanagh and Frank 2014; Carp and 
Compton 2009; Driel et al. 2012). These oscillations might 
offer a potential neural index for the prediction error of 
post-retrieval processing. Indeed, a considerable number 
of researchers have proposed the critical role of prediction 
error or expectation violation in post-retrieval updating 
(Sinclair and Barense 2019; Exton-McGuinness et al. 2015; 
Sevenster et al. 2014). The difficulty however lies in directly 
manipulating or measuring the amplitude of the underly-
ing prediction error or violation degree at the behavioural 
level, creating a challenge in understanding the relationship 
between memory updating and prediction error (Schroyens 
et al. 2021). The amplitude of neural oscillations during task 
offers a potential indicator. While previous EEG studies have 
provided indicators of successful extinction, such as P300 
or LPP amplitude reduction (Kummar et al. 2019; Danon-
Kraun et al. 2021), they have not addressed the prediction 
error or expectation violation aspects during extinction. 
Considering a wealth of evidence suggests the multiplex-
ing of theta and alpha rhythms and their unique association 
with fear learning, a complete time–frequency analysis of 
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the entire extinction trial, focusing on key timing points, 
could be informative.

The current study aims to explore the effect of two post-
reminder extinction trainings (CS-R & US-R extinction) 
on preventing fear recovery compared to typical extinction 
training without a reminder. Using a three-day categorical 
fear conditioning design, we aim to create a more general 
scenario, allowing for measurement of changes in episodic 
memory related to conditioned fear (Kroes et al. 2017; Dun-
smoor et al. 2015). Skin conductance response (SCR) will 
be used as an indicator of the fear response, and EEG will 
be recorded during the reminder day to examine the neural 
processing of post-reminder extinction procedures.

Given the repeatable crisis faced by the CS reminder 
paradigm, especially in preventing the return of categori-
cal fear, and the apparent generalization advantage of the 
US reminder paradigm, our general hypothesis is that US-
reminder extinction might yield better behavioral outcomes 
in preventing the relapse of categorical fear. In terms of neu-
ral aspects, unique oscillation patterns during post-reminder 
extinction should be observed in the US reminder extinction 
condition, specifically associated with potential superior 
effects in preventing fear recovery.

Methods

Participants

A total of 127 Asian participants (70 females; mean age: 
21.71, SD = 2.81) were enrolled in the study. All participants 
affirmed the absence of mental illness or chronic diseases. 
Six individuals withdrew prior to the acquisition phase due 
to an inability to tolerate the lowest electrical stimulation 
level. An additional 33 participants, exhibiting no observ-
able changes in skin conductance responses (SCRs) and 
reporting no apparent fear of conditioned stimuli on the 
first day, were excluded. This led to a final sample size of 
88 participants. Six participants voluntarily withdrew from 
the experiment (did not participate in extinction or testing 
days), and technical issues affected four participants during 
data collection. The analysis encompassed 78 participants, 
distributed among the No reminder-extinction group (No-R, 
n = 29), CS reminder-extinction group (CS-R, n = 23), and 
US reminder-extinction group (US-R, n = 26). Given the pri-
mary focus on changes in extinction learning with different 
reminders, no additional exclusion criteria were applied for 
extinction processing.

To determine the required sample size for the poten-
tial post-retrieval extinction effect, a power analysis using 
G*Power 3.1 (Faul et al. 2007) was conducted. Based on a 
previous meta-analysis suggesting a moderate effect size, 
g = 0.40 (Kredlow et al. 2016), corresponding to f ~ 0.20, the 

mixed ANOVA design necessitated at least 22 participants 
per group for 80% power. This design included group (US-
R, CS-R, No-R) and CS type (CS + , CS-) as between- and 
within-subjects factors.

No significant group differences were observed in gender 
proportion (No-R = 57.3%, CS-R = 50.0%, US-R = 42.5%, 
χ 2 < 2.0,  p = 0.288),  age (No-R = 21.81 ± 2.97, 
CS-R = 22.21 ± 2.83, US-R = 22.20 ± 2.51, F < 1.0, 
p = 0.469), education level (No-R = 15.72 ± 2.15, 
CS-R = 15.80 ± 3.33, US-R = 16.26 ± 2.32, F < 1.0, 
p = 0.351), or trait anxiety level (No-R = 24.06 ± 14.39, 
CS-R = 21.07 ± 13.70, US-R = 25.13 ± 12.40, F < 1.0, 
p = 0.464), as assessed by the Chinese version of Anxiety 
Sensitivity index-3 (Cai et al. 2018).

The study protocol (IPCAS2020004) received ethical 
approval from the Institute of Psychology at the Chinese 
Academy of Sciences, adhering to approved guidelines. All 
participants provided written informed consent and received 
compensation of 200 RMB for completing the entire experi-
ment or 30 RMB if the experiment terminated on day 1.

Experimental Procedure

The study spanned three consecutive days: Day 1 involved 
fear acquisition training, Day 2 featured different extinction 
procedures based on group assignment (CS reminder plus 
extinction training [CS-R], mild US reminder plus extinc-
tion training [US-R], classical extinction training with no 
prior reminder [No-R]), and Day 3 included spontaneous 
recovery, reinstatement, and episodic memory tests. During 
each session, participants were seated behind a table with 
a computer monitor positioned at a distance of 50 cm in a 
sound-attenuated room. Skin conductance response (SCR) 
electrodes (see description below) were attached for all fear 
conditioning phases, and electroencephalogram (EEG) sig-
nals were recorded only on Day 2. Figure 1 outlines the 
general experimental procedure.

Day 1: Fear Acquisition Training

On the first day, participants completed demographic infor-
mation, informed consent, and the anxiety sensitivity index. 
The primary task involved a partial reinforcement category 
discrimination fear conditioning task (Kroes et al. 2017; 
Dunsmoor et al. 2015). The conditioned stimulus (CS) com-
prised 32 trial-unique images of fish (16) and birds (16), 
with one category designated as CS + (e.g., birds) and the 
other as CS- (e.g., fish). The assignment of birds or fish 
as CS + was counterbalanced across participants. Each CS 
image was displayed for 5 s, followed by an inter-trial inter-
val (ITI) of 13 s, 14 s, or 15 s during which a fixation cross 
was shown. Before fear acquisition training, participants 
were informed that one type of image (bird or fish) had a 
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probability of being paired with a shock, emphasizing the 
need to pay careful attention to each image.

The unconditioned stimulus (US) was a 200 ms trans-
cutaneous electrical stimulation (Beijing SANXIA Sci-
ence and Technology Co. Ltd) delivered to the right inner 
wrist through two Ag/AgCl electrodes co-terminating with 
the CS + (initiated 4.8 s after CS + presentation, delayed 
conditioning). The US intensity was set to a level that was 
"maximally uncomfortable but not painful" using a gradually 
increasing procedure (average of 4 mA). The reinforcement 
ratio was 38%, allowing 6 CS + trials to be paired with the 
US. The order of CS types was pseudo-randomized, with 
no more than two trials of the same type occurring in a row.

Day 2: Reminder and Extinction Training

On Day 2, different reminder manipulations were imple-
mented among the three groups, along with identical extinc-
tion learning. The CS-R group received a reminder of the 
CS + category through the single presentation of a novel 
item, the most prototypical exemplar of the CS + category, 
for 6 s. The specific image for the bird CS + exemplar was a 
normal Paridae, and for the fish CS + , it was a Grass carp. 
These are common birds and fish in China with no strong 
symbolic significance or emotional valence. The US-R 
group received a reminder using an isolated mild electric 
shock with an intensity set to half of the fear acquisition 
training (around 2 mA) and a duration of 500 ms. Both 
reminder groups then listened to a soothing Piano con-
certo (Für Elise, composed by Ludwig van Beethoven from 

Richard Clayderman – Digital Concerto, CD 1990). Par-
ticipants were required to keep their eyes closed for 8 min 
before the start of extinction training. The choice of listen-
ing to soothing music instead of watching a documentary 
was based on the particularities of the current research and 
some pilot investigations. This decision aimed to: 1) reduce 
accidental memory reactivation caused by visual input from 
a documentary, as neutral natural landscapes may be remi-
niscent of previous experimental materials (i.e., birds and 
fish); 2) minimize head movements during this relatively 
long interval to obtain better EEG data. Individuals in the 
No-R group also relaxed and listened to the same music 
before extinction training. For both reactivation groups, elec-
trical stimulation devices were attached during the reminder 
and extinction phase, while for the No-R group, electrical 
stimulation devices were attached during the extinction 
training phase.

Extinction training comprised 17 CS + trials and 17 
CS − trials without any US reinforcement. These trials 
involved novel unique items of fish and bird, presented with 
the same timing and intervals as during fear acquisition 
training. Before extinction training commenced, participants 
were attached to the experimental apparatus and instructed 
to carefully observe each animal image. Since there is evi-
dence to suggest that the pattern and speed of the extinction 
process are related to the internal mechanisms (e.g., learning 
new safety signals or eliminating old unsafe signals) (Gersh-
man and Hartley 2015), we will divide the entire extinction 
process into three stages based on time: early, mid, and late 
phase, and implement this distinction in the statistics.

Fig. 1  Experimental Procedure Overview. The study spanned three 
consecutive days, with a 24 ± 2  h interval between each session. 
Day 1 encompassed fear acquisition training through a category dis-
crimination fear conditioning task with partial reinforcement. On 
Day 2, participants underwent group-specific manipulations involv-
ing reminder cues: 1) a prototype CS + reminder followed by extinc-
tion training (CS-R), 2) a mild US reminder followed by extinction 

training (US-R), and 3) classical extinction training with no preced-
ing reminder (No-R). Notably, extinction training did not incorporate 
the unconditioned stimulus (US). Day 3 served as the testing day for 
spontaneous recovery, reinstatement, and episodic memory. Skin con-
ductance response (SCR) and shock electrodes were applied through-
out all fear conditioning phases, while EEG signals were exclusively 
recorded on Day 2
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Day 3: Fear Recovery and Episodic Memory Tests

Day 3 involved tests for spontaneous recovery, reinstatement, 
and episodic memory. Initially, three novel CS + and three 
novel CS- images, with no accompanying US presentation, 
served as a spontaneous recovery test. Subsequently, without 
any interruption (but 15 s after the last spontaneous recovery 
CS presentation), two un-signaled USs with an inter-trial 
interval (ITI) of 14 s were administered to reinstate the fear 
response. Next (15 s after the last un-signaled US), partici-
pants underwent the reinstatement test on novel and unique 
items, including 8 CS + and 8 CS − trials. During both spon-
taneous recovery and reinstatement tests, participants were 
attached with SCR and shock electrodes. Following this, 
participants performed a surprise item recognition memory 
test. All unique items from fear acquisition (16 CS + , 16 
CS −) and extinction training (17 CS + , 17 CS −) were pre-
sented intermixed with twenty novel items for each category. 
Participants were required to decide whether the stimulus 
had been presented on Day 1, Day 2, or if it was new.

SCR Acquisition and Analyses

SCR was assessed using two Ag/AgCl electrodes of size 
20 mm × 16 mm attached to the distal phalanges of the index 
and middle finger of the left hand. Data were collected using 
the BIOPAC Smart Canter System (Goleta, CA) and con-
tinuously recorded at 2000 samples per second.

SCR data were analyzed using a customized program 
written in Matlab (Version R2018a, Math-Works) and func-
tions from PsPM (Psychophysiological modeling, http:// 
pspm. sourc eforge. net, Version 4.0.2) for data pre-processing 
and LedaLab 3.4 (Benedek and Kaernbach 2010) for EDA 
analysis. Data were down-sampled at 40 Hz and median 
filtered with the parameter set to 40 to remove impulse 
artifacts. The Continuous Decomposition Analysis (CDA) 
within LedaLab was used for further event-related SCR 
extractions. This method, based on Standard Deconvolution, 
is fast and robust. We extracted sudomotor nerve (SN) peaks 
within a response window of 1–4.5 s after stimulus onset 
(excluding the response to US), using an amplitude thresh-
old of 0.01 μS for response scoring. The output index of 
“CDA.SCR” from LedaLab represented the average phasic 
driver within the response window, considered to accurately 
reflect phasic activity. The raw SCRs were log-transformed 
[ln (μS + 1)] to achieve a normal distribution of the data.

EEG Acquisition and Analyses

EEG was recorded during the reminder extinction session 
on Day 2. A 64Ag/AgCl electrodes cap (NeuroScan Inc., 
Herndon, VA, USA) was placed on participants' scalps based 
on the extended International 10/20 system, maintaining 

electrode impedances below 5KΩ. EEG activity was ampli-
fied using a NeuroScan Synamp2 Amplifier with AC mode 
of 0.05–100 Hz band-pass filter and continuously sampled 
at a rate of 1000 Hz, with recording reference via the left 
mastoid. Offline EEG data were processed using EEGLAB 
(Delorme and Makeig 2004). The signals were re-referenced 
to the average reference. Trials contaminated by eye blinks 
and movements were corrected using an Independent Com-
ponent Analysis (ICA) algorithm (Makeig et al. 1996). EEG 
signals during extinction training were segmented into 10-s 
epochs relative to CS onset (-1 ~ 9 s) to investigate different 
cognitive processes during each single extinction trial: a) the 
initial capture of attention at the beginning of CS onset, b) 
the shock anticipatory phase with CS image presentation, c) 
the US omission phase, and d) the post conflict processing.

The short Time Fourier transform (STFT) was performed 
for the segmented signals to capture time–frequency dynam-
ics during each extinction trial using custom MATLAB 
scripts. A function sub_stft, provided by Zhang et al. (2020), 
was used to estimate time-varying complex spectrum for 
EEG data. Specifically, a time–frequency decomposition 
(TFD) of the EEG signal was obtained using a windowed 
Fourier transform (WFT) with a fixed 200-ms Hanning win-
dow. The WFT yielded, for each EEG epoch, a complex 
time–frequency estimate F (t, f) at each point (t, f) of the 
time–frequency plane, extending from -1000 to 9,000 ms (in 
steps of 1 ms) in the time domain, and from 1 to 45 Hz (in 
steps of 1 Hz) in the frequency domain. The resulting spec-
trogram, squared magnitude (in fact PSD) without phase, 
represents the signal power as a joint function of time and 
frequency at each time–frequency point. The spectrograms 
were baseline-corrected (reference interval: -800 to -200 ms 
relative to stimulus onset) at each frequency f using the sub-
traction approach, which avoids the positive bias introduced 
by the percentage approach. This reference interval was 
chosen to reduce the adverse influence of spectral estimates 
biased by windowing post-stimulus activity and padding 
values (Hu et al. 2014).

To further utilize multi-electrodes of scalp EEG and 
provide a reference for intracranial sources of neural oscil-
lations, standardized low-resolution brain electromagnetic 
tomography (sLORETA) was used for distributed EEG 
source location (inverse solution) of detected time–fre-
quency components. Via LORETA software, EEG subep-
ochs of defined time windows were analyzed using standard 
spectral analyses for a defined frequency band via Discrete 
Fourier Transform using a boxcar windowing. This yielded 
cross spectra with a resolution of 0.5 Hz. Intracerebral cur-
rent density was computed using the LORETA algorithm 
across 6239 voxels constrained to cortical gray matter. This 
found a unique inverse solution for the cortical sources of 
the current pattern at the scalp level, assuming that neigh-
boring neurons are activated synchronously and produce 

http://pspm.sourceforge.net
http://pspm.sourceforge.net
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smooth spatial distributions of intracerebral electrical activ-
ity (Pascual-Marqui et al. 1999; Pascual-Marqui et al. 1994). 
Spatial traceability was obtained through the built-in statisti-
cal module of sLORETA with one-sample t-tests and 5000 
permutation tests, revealing brain voxels reaching the sig-
nificant threshold (p < 0.01). Intracerebral electrical activity 
values of defined regions of interest (ROIs) were extracted 
for further analyses.

Data Analysis

Mixed ANOVAs with designed factors were conducted 
for all variables, and post-hoc ANOVA or t-tests were per-
formed for further simple analysis. Greenhouse–Geisser cor-
rections of degrees of freedom were applied when assump-
tions of sphericity were violated. Effect sizes were reported 
as partial eta-squared.

Results

Skin Conductance Responses

Day 1 fear Acquisition Training

For SCRs during fear acquisition, mixed three-way ANOVA 
with CS-type (CS + / CS-) and 16 trials as within-subjects 
factors and group (CS-R / US-R / No-R) as a between-sub-
jects factor were conducted. Fear acquisition training led 
to a CS + /CS- differentiation over time as indicated by sig-
nificant main effects of CS-type (F(1,75) = 133.16, p < 0.001, 
ηp = 0.64), trial (F (9.8,735.0) = 9.39, p < 0.001, ηp = 0.11), and 
a significant CS-type × trial interaction (F (9.4,701.9) = 9.84, 
p < 0.001, ηp = 0.12). No group related effects were found, 
indicating all three groups exhibited successful and compa-
rable fear learning (cf. Figure 2a).

Fig. 2  Skin conductance responses (SCRs) for the three experimen-
tal days. a) Day 1 fear acquisition training (ACQ): the three groups 
showed equivalent and successful fear acquisition. b) Day 2 reminder 
manipulation and extinction training (EXT): All three groups showed 
successful extinction training (i.e., CS +  > CS- at the beginning, and 
the CS + /CS- differences disappeared at the end of extinction train-
ing). The US-R group showed subtle unique extinction learning pat-
tern, as reflected in significantly lower SCRs during the first extinc-
tion trial (in light purple background) and relatively slow-down 
extinction learning, indexed by higher CS + /CS- differentiation dur-
ing middle extinction (trials 7–12, light yellow background), while 
the NO-R and CS-R groups exhibited relatively faster extinction 
processing. c) Day 3 fear recovery (REC) tests including spontane-

ous recovery (the first three trials) and reinstatement test (two unsig-
naled US applications yellow bolt, followed by 8 re-extinction trials): 
All three groups showed the significant spontaneous recovery of fear 
(i.e., CS +  > CS – for the first and the second recovery trails); while 
the US-R group showed relatively highest fear fading rate indexed by 
a complete lack of CS + /CS- differentiation during the third sponta-
neous recovery trial (in light grey background) compared with other 
two groups. In addition, the fear reinstatement was observed in all 
three groups (i.e., CS +  > CS – at the first three trials after unsignaled 
USs), and re-extinctions were successful (the CS + /CS- difference 
disappeared at the end). ***: p < .001, **: p < .01, *: p < .05, ns: non-
significant
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Day 2 Extinction Training

For SCRs during fear extinction training, mixed three-
way ANOVA with CS-type (CS + / CS-) and 17 trials as 
within-subjects factors and group (CS-R / US-R / No-R) as 
a between-subjects factor were conducted. Extinction train-
ing was successful in reducing the CS + /CS- differentiation 
(cf. Figure 2b) as indicated by a significant CS-type × trial 
interaction (F (8.2,617.8) = 6.01, p < 0.001, ηp = 0.074). Subtle 
group differences could be found when the extinction pro-
cess was divided into early (1–6 trials), middle (7–12 trials) 
and late extinction (13–17 trials). All three groups showed 
significantly higher SCRs towards the CS + compared to CS- 
during early extinction, i.e., the significant main effect of 
CS type in the early extinction (F (1,75) = 35.94, p < 0.001, 
ηp = 0.32, CS + /CS- differences for three group, No-R, 
p < 0.001; CS-R, p = 0.001, US-R, p = 0.010) and these dif-
ferences vanished during late extinction, i.e., non-significant 
main effect of CS type in the late extinction (F (1,75) = 1.49, 
p = 0.226, ηp = 0.019, CS + /CS- differences for three group, 
No-R, p = 0.236; CS-R, p = 0.806, US-R, p = 0.356), indicat-
ing overall successful extinction learning as suggested by 
above mentioned analysis. However, during middle extinc-
tion phase, a marginal significant CS type × group interac-
tion effect (F (1,75) = 2.63, p = 0.079, ηp = 0.066) were shown. 
Further post hoc t-test revealed that SCRs towards CS + were 
still slightly higher compared to the CS- in the US-R group 
(t(25) = 2.10, p = 0.046), but not in the No-R (t(28) = 1.18, 
p = 0.247) or CS-R group (t(22) = -0.50, p = 0.620), indicat-
ing relatively persisting arousal and thus slow extinction 
learning for the US-R group specifically (cf. Figure 2b, the 
7–12 trials).

In addition, when focusing the first extinction trial 
as index of initial fear retrieval (in contrast to extinction 
learning emerging with subsequent trials), CS type (CS + /
CS-) × group ANOVA revealed a main effect of group F 
(2,75) = 10.24, p < 0.001, ηp = 0.21 with lower SCR in the 
US-R group compared to the No-R group (p < 0.001) and 
CS-R group (p = 0.001). No significant CS type × group 
interaction (F (2,75) = 1.61, p = 0.207, ηp = 0.041) was 
revealed indicating a general reduced initial fear specifically 
for the US-R group on day 2.

Day 3 Spontaneous Recovery and Reinstatement test

For SCRs regarding spontaneous recovery mixed three-way 
ANOVA (2 CS-type × 3 trials × 3 group) were performed. 
During spontaneous recovery, CS + /CS- differentiation 
reoccurred and decreased over time (cf. Figure 2c) as indi-
cated by a significant CS × trial interaction occurred (F 
(1.8,135.8) = 15.25, p < 0.001, ηp = 0.17). The decomposed 
ANOVA of CS type × group for each trial revealed that 
SCRs towards the CS + were higher compared to the CS- in 

all three groups at the first recovery trial, i.e., significant 
main effect of CS type (F (1,75) = 50.59, p < 0.001, ηp = 0.40, 
CS + /CS- differentiation for three groups, No-R, p = 0.001; 
CS-R, p = 0.001; US-R, p < 0.001) and with the same pat-
tern at the second recovery trial (i.e., main effect of CS 
type, F (1,75) = 17.89, p < 0.001, ηp = 0.19). These results 
indicated that fear recovery occurred in all groups. At the 
third recovery trial however, the CS + /CS- differentiation 
disappeared only in the US-R group (t(25) = 0.04, p = 0.965), 
and remained intact in the CS-R (t(22) = 2.28, p = 0.032) and 
No-R groups (t(28) = 2.45, p = 0.021). This result indicated a 
relatively faster fear fading rate during spontaneous recov-
ery in the US-R group (cf. Figure 2c, the last spontaneous 
recovery trial).

For the reinstatement test, CS + /CS- differentiation reap-
pear after the US signaling and decreased over time (cf. 
Figure 2c) as indicated by a significant CS × trial interac-
tion (F (5.2,298.2) = 8.37, p < 0.001, ηp = 0.10). Interestingly, 
a significant interaction of trial × group was revealed (F 
(11.0,411.7) = 2.30, p = 0.010, ηp = 0.058), indicating different 
temporal patterns of reinstatement responses in three groups. 
Given the response of the first couple trials after reinstated, 
US signaling should be a better indicator of fear retrieval, 
the first three trials of reinstatement phase were included 
to conduct the 2 CS type × 3 trial × 3 group ANOVA. Sig-
nificant main effects of CS-type (F (1,75) = 48.95, p < 0.001, 
ηp = 0.40, CS +  > CS-), trial (F (1.7,131.1) = 20.41, p < 0.001, 
ηp = 0.21, first > second > third trial) and group emerged (F 
(2,75) = 3.32, p = 0.042, ηp = 0.08). Post hoc analyses revealed 
that, SCRs in the US-R group were significantly lower than 
in the No-R group (p = 0.048), regardless of trial or CS-type 
(cf. Figure 2c, first three reinstatement trials). This group 
difference was not observed in the late (4 ~ 8 trials) reinstate-
ment, (F (2,75) = 0.91, p = 0.408, ηp = 0.024). Indeed, during 
the late reinstatement, the main effect of CS type was also 
disappeared (F (1,75) = 1.57, p = 0.214, ηp = 0.02), indicat-
ing a successfully re-extinction from reinstatement for all 
participants.

Day 2 EEG Oscillation Dynamics During Extinction

EEG signals were segmented into 10 s epochs relative to 
CS onset. The short Time Fourier transform with hamming 
window of 200 ms was performed for the segmented signals 
to get the time–frequency (1–45 Hz) dynamics during each 
extinction trial. Time–frequency components for statistics 
were determined by grand mean graphs with bootstrapping 
test. Specifically, at each time point (t) or time–frequency 
point, we extracted a collection of numerical samples from 
all subjects and compared them with a similar collection 
from the baseline interval. The null hypothesis posited no 
difference between the means of the two samples, i.e., no dis-
parity in mean magnitude values between pre-stimulus and 
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post-stimulus intervals. We calculated the pseudo-t statistic 
of two populations and estimated its probability distribution 
through permutation testing (5,000 times). After obtaining 
the distribution of the pseudo-t statistics from the baseline, 
we calculated the bootstrap p-values for the null hypothesis. 
This procedure identified the time–frequency regions in which 
the brain responses were significantly different relative to the 
baseline interval (Durka et al. 2004).To account for multiple 
comparisons across time and frequency, the significance level 
(expressed as p-value) was corrected using an FDR procedure 
(Benjamini and Hochberg 2018). This led to the identification 
of several significant clusters (as depicted in the figure), cat-
egorized as early event-related synchronization (ERS) com-
ponent with low to medium frequency bands during the initial 
attention capture phase (0-400 ms, 2-10 Hz), followed by an 
event-related desynchronization (ERD) of the shock antici-
patory phase (700-5000 ms, 4–12 Hz), then a low frequency 
ERS when the CS picture disappeared (5500 ms-6000 ms, 
1- 8 Hz); as well as the late ERS dominated by alpha for 
subsequent processing of anticipatory violation (8-14 Hz, 
6000-9000 ms). According to corresponding cognitive pro-
cesses, we named these time–frequency components as early 
ERS, US awaiting ERD, immediate US omission ERS, and 
late ERS respectively. Three-way ANOVAs with 3 tempo-
ral blocks (early/middle/late extinction) × 2 CS type (CS + /
CS-) × 3 group (No-R/CS-R/US-R) were conducted for each 
time–frequency component respectively.

For the early ERS (i.e., initial picture presentation phase), 
the only significant effect was a CS × group interaction (F 
(2, 65) = 3.22, p = 0.046, ηp = 0.090): the relatively higher 
response for CS + (compared to CS-) was pronounced in the 
CS-R group compared to the No-R group (p = 0.017) and 
less so compared to the US-R group (p = 0.056), indicating 
some early CS cue-specific effect in the CS-R group.

For the US awaiting ERD (i.e., picture conscious presen-
tation phase), there was a main effect of CS (F (1,65) = 6.31, 
p = 0.015, ηp = 0.088), the ERD power (negativity) of CS + was 
significantly larger compared to the CS-; the main effect of time 
(F (1.7, 134.6) = 3.35, p = 0.038, ηp = 0.049),while, no interaction 
effect between CS and time was found (p = 0.061). Notably, the 
main effect of group was marginally significant F(2,65) = 2.24, 
p = 0.10, ηp = 0.064: the US-R group showed significant larger 
US awaiting ERD relative to the No-R group (p = 0.046), while 
no differences with regard to the CS-R group emerged.

For the immediate US omission ERS, no significant 
effects were revealed (ps > 0.05). While for the late ERS, we 
observed a main effect of group with relatively large effect 
sizes (F(2,65) = 3.72, p = 0.030, ηp = 0.103). Post-hoc compari-
sons showed that the US-R group showed significant larger US 
omission ERS relative to the No-R group (p = 0.011) and CS-R 
group (p = 0.049). No CS-related main effects or interaction 
effects were found. The grand average plot of neural oscillations 
during extinction in the three groups can be seen in Figure 3a.

In order to further utilize multi-electrodes of the scalp 
EEG and to provide reference for intracranial sources of neu-
ral oscillations, standardized low-resolution brain electro-
magnetic tomography (sLORETA) was used for distributed 
EEG source location (inverse solution) of detected time–fre-
quency ROI signals (cf. Figure 3b). For the early ERS, the 
maximum probability of source activation was located at 
Brodmann area 11(max MNI cords, x = 20, y = 65, z = -15, 
including clusters in the superior frontal and medial frontal 
gyrus). For shock anticipation (US awaiting) oscillation, the 
maximum probability of source activation was located at 
Brodmann area 9 (max MNI cords, x = -35, y = 15, z = -35, 
including dorsolateral and medial prefrontal cortex). For 
the shock relief oscillation (late ERS), the maximum prob-
ability of source activation is located at Brodmann area 24 
(max MNI cords, x = -5, y = 0, z = 30, mainly including the 
cingulate gyrus and anterior cingulate).

Regression Analysis Between Day 2 and Day 3

We conducted regression analysis with fear recovery indi-
cators as dependent variables. These recovery indicators 
were determined by actual recovery patterns and observed 
inter-group differences in the current study, including fear 
fading rate during spontaneous retrieval (indexed by LN 
((CS + 1 – CS-1) / (CS + 3 – CS-3 + e) of spontaneous recov-
ery phase) and the fear responses during the reinstatement 
test (indexed by combined CS + /CS- responses of initial 
reinstatement trials). These two indicators are trended to be 
negatively correlated (r = 0.28, p = 0.064).

The independent predictors included the general power 
of each frequency band after the reminder, and the power 
of different time–frequency components of extinction train-
ing. Results showed that power of late expectancy violation 
ERS can positively predict the fear fading rate (β = 0.42, 
F (1,65) = 7.76, p = 0.020). Individuals with higher late ERS 
power exhibited a higher fear fading rate. In addition, the 
late ERS power negatively predicted the fear reinstatement 
index (β = -0.24, F (1,65) = 4.00, p = 0.050): individuals who 
exhibited higher late ERS after US omission showed lower 
fear reinstatement response on day 3 (cf. Figure 3c). At the 
source level, the oscillation in Brodmann area 9 (prefrontal 
cortex regions) during the shock anticipatory phase posi-
tively predicted the fear fading rate (β = 0.30, F (1,42) = 4.08, 
p = 0.05). No other significant effects were revealed.

Day 3 Episodic Memory Tests

Regarding the episodic memory test, mixed three-way 
ANOVA was performed with the factors CS-type, mem-
ory source (Day 1 pictures / Day 2 pictures / New pic-
tures) × 3 group for memory accuracy. We observed a sig-
nificant main effect of memory source (F (1.4,106.1) = 39.82, 
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p < 0.001, ηp = 0.35). The correct judgment for new pic-
tures was the highest (ps < 0.001), and the memory accu-
racy for Day 1 (fear acquisition training) was significantly 
higher compared to Day 2 (extinction training) (p = 0.002). 
Furthermore, a significant interaction of CS-type and 
memory source (F(1.9,144.3) = 61.71, p < 0.001, ηp = 0.45), 
and an interaction of CS-type, memory source and group 
emerged (F (3.8,144.2) = 3.03, p = 0.020, ηp = 0.075). Post 
hoc t-tests revealed an interesting pattern: For Day 1 pic-
tures, memory accuracy for CS + was significantly higher 
compared to CS- (No-R, t(28) = 4.30, p = 0.001; CS-R, 
t(22) = 6.37, p < 0.001; US-R t(25) = 4.94, p < 0.001); Moreo-
ver, this CS + enhancement (calculated by Day 1 CS + ACC  

– Day 1 CS- ACC ) was modulated by group, and especially 
significant in the CS-R group relative to the No-R group (t 
(50) = 2.16, p = 0.035). For Day 2 pictures, no accuracy dif-
ference between CS + and CS- was observed. For new pic-
tures, CS + pictures tend to be more erroneously reported 
as seen previously (NO-R, t(28) = -2.77, p = 0.010; CS-R, 
t(22) = 6.58, p < 0.001; US-R, t(25) = -2.70, p = 0.012); 
Further, this the enhanced false rate for new CS + pic-
tures (CS + distortion) calculated by New CS- ACC  – New 
CS + ACC  was modulated by group, CS-R group showed 
higher CS + distortion than US-R group (t (47) = 2.39, 
p = 0.021) and No-R group (t (50) = 3.22, p = 0.004) ; cf. 
Figure 4.

Fig. 3  Neural oscillation correlations of post-reminder extinction. a) 
Grand mean time–frequency graph for the three groups. During the 
extinction phase, there was an early ERS component, followed by an 
ERD during the CS image persistence and shock anticipation. When 
the picture or the expected shock threat was surprisingly cancelled, a 
ERS occurred. The CS-R group showed a higher early ERS in par-
ticular regarding the CS + . The US-R group trended to show a larger 

shock anticipation ERD and exhibited a significantly higher expec-
tancy violation ERS in 4-12 Hz bands; b) Three time–frequency com-
ponents were source-located in the medial frontal gyrus, dorsolateral 
and medial prefrontal cortex and anterior cingulate respectively; c) 
the expectancy violation ERS during extinction training positively 
predicted the fear fading rate during spontaneous recovery and tends 
to be negatively correlated with the fear reinstatement response

Fig. 4  Episodic memory performance of category fear conditioning 
for the three reminder groups. The accuracy of recognizing new items 
was the highest, and the memory accuracy for the Day 1 was signifi-
cantly higher than for Day 2 (a, b, c); the memory accuracy regarding 

CS + on Day 1 was significantly higher compared to the CS- among 
all groups (a); CS + pictures tend to be more erroneously reported as 
seen previously, while this effect was more pronounced in the CS-R 
group (c)



 Brain Topography

Discussion

In the context of the memory reconsolidation framework, 
employing extinction training following a retrieval cue 
holds promise for mitigating the risk of fear relapses. Our 
investigation explored the impact of introducing a reminder 
(CS reminder or US reminder) before extinction training, 
revealing limited efficacy in preventing fear recovery, par-
ticularly within the categorical fear paradigm. However, the 
innovative US-reminder paradigm, involving a lower inten-
sity US before extinction training, exhibited a distinctive 
pattern of extinction learning. This paradigm showcased a 
relatively gradual yet effective extinction process, marked 
by the persistence of CS + /CS- differentiation in skin con-
ductance responses (SCRs) during the middle of the extinc-
tion phase which was eliminated at the end of the extinction.

At the neural level, the US-reminder group displayed height-
ened theta-alpha desynchronization during the electric shock 
anticipatory phase and significantly stronger expectation viola-
tion synchronization after US omission during extinction. These 
neural oscillations were source-located in the dorsolateral pre-
frontal cortex and anterior cingulate, respectively. The unique 
extinction learning process of the US-reminder group correlated 
with a relative advantage in the fear recovery test. Despite the 
presence of fear recovery effects across all groups, the US-
reminder group exhibited a higher fear extinction rate (indicated 
by the earlier disappearance of CS + /CS- differences during 
spontaneous recovery) and the lowest reinstatement-induced 
fear responses (evidenced by a diminished fear response dur-
ing initial reinstatement). Regression analysis highlighted that 
heightened error/conflict processing during extinction training 
at the neural level was associated with a faster fading rate and 
less fear reinstatement, suggesting that the subtle advantage of 
US-reminder extinction might be linked to amplified conflict 
processing during extinction learning.

Conversely, the CS-reminder group did not demonstrate 
significant trends in preventing fear relapse. However, it 
did manifest CS cue-specific effects, such as higher early 
neurosynchronization for CS + during extinction process-
ing and notably higher false alarms for new CS + category 
pictures in episodic tests. These findings suggest that dif-
ferent reminders before extinction training may exert com-
plex effects on extinction processing and later fear recov-
ery patterns, selectively influencing the fear response or 
episodic components of a memory trace.

The enhancement of extinction learning and the reduction of 
fear recurrence following extinction training are clinically sig-
nificant goals (Lee et al. 2017). While post-retrieval extinction 
within the reconsolidation framework shows promise, our find-
ings reveal that a subtle modification, such as adding a simple 
reminder before classical extinction, has limited effectiveness 
in preventing fear recovery. The occurrence of spontaneous 

recovery and fear reinstatement across all groups underscores 
the challenges in mitigating fear memories in practical experi-
mental procedures. This difficulty may be influenced by various 
non-specifically boundary conditions (Silva and Soares 2018; 
Zuccolo and Hunziker 2019), including the strength of the tar-
geted fear memory (Robinson and Franklin 2010). The robust-
ness of fear acquisition, influenced by factors such as high stim-
ulus intensity and a low reinforcement rate, may contribute to 
heightened tension and uncertainty, potentially impacting fear 
extinction (Kitamura et al. 2020). Additionally, under the cat-
egorical fear paradigm, contusions and novelty presentations 
might intensify fear arousal during the learning period, making 
extinction and fear fading more challenging due to generaliza-
tion scenarios (Vervliet and Geens 2014). Our results align with 
previous findings in the same paradigm, where CS-reminder 
extinction failed to prevent category fear recovery (Kroes 
et al. 2017). This suggests a broader challenge in achieving the 
effect of post-reminder extinction in generalized situations.

In contrast to the CS-reminder group, which demonstrated 
nearly equal fear recovery as the control, our data provide 
evidence supporting the use of a US as a novel reminder 
mode to enhance the rate of fear fading and reduce general 
fear reinstatement responses in category conditioning. While 
these effects are subtle, their instructive nature becomes 
apparent, particularly when fear recovery is presented in a 
general manner. Importantly, these indicators of superior 
effects from the US-reminder group were significantly cor-
related with specific processing features during extinction, 
reinforcing the legitimacy of the US-reminder-dependent 
effect and the potential benefits of the US-reminder protocol.

Several mechanistic pathways may account for the advan-
tageous effect of the US-reminder paradigm. One possibil-
ity involves enhanced prediction errors, considered crucial 
for memory trace updating (Exton-McGuinness et al. 2015; 
Sevenster et al. 2014; Sinclair and Barense 2019). A US 
reminder before extinction training may lead to a broad pre-
diction error without cue-selectivity, influencing the original 
fear memory in a general manner (Dunbar and Taylor 2017b; 
Liu et al. 2014). Neural indicators, such as the greater trend of 
shock anticipatory desynchronization and expectation violation 
synchronization after US omission in the US-reminder group, 
link these processes. These time–frequency components, 
involving theta/alpha oscillations, are associated with conflict 
monitoring and cognitive control (Cavanagh and Frank 2014; 
Driel et al. 2012). The source location of these oscillations in 
the dorsolateral and medial prefrontal cortex aligns with their 
critical role in threat prediction (Furlong et al. 2010; Kroes 
et al. 2019). The implication of the expectation violation phase 
corresponds well with the key function of the anterior cingu-
late cortex (ACC) in error detection and online error updating 
(Botvinick et al. 2004; Brown and Braver 2005).

It's worth noting that certain reinforcement learning mod-
els predict that larger prediction errors result in stronger 
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updates in associative strength, potentially leading to 
accelerated learning processes such as extinction learning. 
However, our observed findings contradict this notion: we 
observed that the US-reminder group demonstrated success-
ful but relatively slower extinction learning (Holland and 
Schiffino 2016). Despite efforts in computational neurosci-
ence to unify the understanding of prediction error's role in 
learning processes, different learning modalities, like reward 
and fear learning, operate through distinct mechanisms 
(Iordanova et al. 2021). Establishing a universal single cri-
terion linking prediction error and learning rate can be chal-
lenging. For instance, some integrative models suggest that 
prediction errors indicating outcomes better than expected 
may lead to slower learning rates compared to those indi-
cating worse-than-expected outcomes, possibly reflecting a 
form of risk aversion or conservative bias towards negative 
outcomes (Gershman 2015). In studies where prediction 
error is considered solely as an indicator of surprise level 
for specific outcomes rather than a motivational component 
(i.e., positive or negative PE), a subtle nonlinear relationship 
between prediction error magnitude and reconsolidation effi-
ciency emerges: a lack of anticipated violation fails to initi-
ate the updating process, while excessively large anticipatory 
violations result in independent traces rather than facilitating 
memory updating and integration (Chen et al. 2020; Pan 
et al. 2021; Sevenster et al. 2014).

When delving into computational models intricately tied to 
fear learning and spontaneous recovery phenomena, the slower 
learning rate observed in the present study is in complete agree-
ment with Gershman's 2015 forecasts derived from the latent 
cause model (Gershman and Hartley 2015). The research 
revealed two participant groups: one grouping all fear acquisi-
tion and extinction trials into a single state, and another separat-
ing acquisition and extinction trials into distinct states. Nota-
bly, the single-state group showed no spontaneous recovery, 
whereas the two-state group demonstrated significant spontane-
ous recovery. These groups exhibited notably distinct learning 
dynamics. Despite both groups showing no fear discrepancy 
during the final extinction block, participants in the single-
state group displayed slower learning rates. This sluggishness, 
according to the authors, likely stems from both reinforced 
CSa and unreinforced CSb being attributed to the same state, 
diminishing effective reinforcement within it. In contrast, the 
two-state group's separation of CSa and CSb into distinct states 
facilitated quicker acquisition of a conditioned response to CSa. 
Moreover, the two-state group extinguished its CSa response 
more rapidly by hypothesizing the activation of a new state 
during extinction, potentially enhancing pattern separation—
a hippocampal-dependent process that distinguishes patterns 
in CS-outcome observations (Marr 1971)—thereby facilitat-
ing the formation of separate fear and extinction memories. 
In contrast, the single-state group attributed both phases to a 
single state, it may modify the original fear memory within the 

amygdala, continually updating it with newly acquired safety 
information throughout the original trace (Kalisch et al. 2006). 
The operation of the US reminder may, to some extent, increase 
the likelihood of this state fusion learning, thereby exhibiting 
simultaneously slowed extinction rates and relatively less fear 
recovery. This essentially mirrors the partial reinforcement 
extinction effect (Gershman and Niv 2012).

Indeed, some theories suggest that the extinction process may 
also be conceptualized as a form of inhibition or cognitive con-
trol (Anderson and Floresco 2022; Dillon and Pizzagalli 2007; 
Lebois et al. 2019; Marek et al. 2019). The slower yet success-
ful extinction in the US reminder group suggests a demand for 
more deliberate processing, involving ongoing management 
of conflict. This error/conflict processing is typically mediated 
by the medial frontal cortex and is characterized by oscillatory 
changes in alpha-theta frequencies in the medial prefrontal 
cortex and anterior cingulate cortex (Brown and Braver 2005; 
Carp and Compton 2009; Cavanagh and Frank 2014; Driel 
et al. 2012; Iordanova et al. 2021; Ridderinkhof et al. 2004; Taub 
et al. 2018), as observed in our results. Previous literature has 
emphasized the crucial role of medial prefrontal theta oscilla-
tions in the extinction process, highlighting their interaction with 
the amygdala and their association with the retrieval-stopping 
of fear memories, regulation of physiological responses, and 
adaptive control for unpleasant events (Mueller et al. 2014; Sperl 
et al. 2019). While some studies suggest that alpha and theta 
bands may play different roles in error processing, with theta 
band more related to cognitive control and alpha band more 
associated with sustained attention and error monitoring, they 
both contribute to error processing and serve as an integrated 
explanation for the phenomenon of post-error/conflict slow-
ing (Driel et al. 2012). Individuals exhibit more careful and 
slowed response strategies after errors and conflict (Notebaert 
et al. 2009), which can also serve as an additional explanation for 
the slower learning observed in the US reminder group. Notably, 
our data further reveal that the neural oscillation energy during 
expectation violation/error processing directly correlates with 
the extent of the fear recovery index. This provides evidence that 
sufficient conflict processing and cognitive control can be criti-
cal to enhancing extinction learning and reducing fear relapses.

An alternative explanation for the advantage of the US-
reminder paradigm could be the attenuation of the electrical 
stimulation's intensity as a reminder. This weaker threat stimu-
lus may enhance an individual's perception and belief that the 
impending threat is less painful and controllable (Dunbar and 
Taylor 2017b). The coping response to a future fear cue, based 
on the cognition of "Oh, no big deal," may be independent of 
subsequent extinction training. The significantly smaller CS 
response during the first extinction trial in the US-reminder 
group seems to reflect this conjecture. Fear expression in the US-
reminder group was already weaker than in the other two groups 
before complete extinction training. Indeed, this phenomenon 
is associated with "US devaluation," which involves reducing 
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the aversiveness of the unconditioned stimulus (experiencing 
a decrease in US intensity), leading to a reduction in condi-
tioned fear (Hosoba et al. 2001). Recent research has shown that 
employing various US devaluation techniques effectively dimin-
ishes fear responses to the CS or promotes safety behaviours 
(Woelk et al. 2021; Wong et al. 2024), and have shown promise 
in improving clinical anxiety (Kip et al. 2023). Notably, within 
the retrieval-extinction paradigm, behavioural evidence suggests 
that exposure to a reminder of the unconditioned stimulus, with 
or without subsequent intervention, subtly influences the reduc-
tion of fear recovery responses (Meir Drexler et al. 2019). This 
finding is consistent with real-life experiences, where individu-
als exposed to less intense reminders of traumatic events exhibit 
reduced recall of the original trauma (Weems et al. 2014).

Additionally, the effect of the US-reminder paradigm 
may involve pre-extinction emotional involvement. Studies 
have shown that pre-extinction stress exposure can enhance 
extinction learning (Drexler et al. 2017). The US reminder 
may induce a stress-like response in individuals, albeit to a 
lesser extent, contributing to devaluation processing toward 
threat signals and improving overall coping abilities to nega-
tive events (Meir Drexler et al. 2019).

Taken together, the advantages and underlying neural 
correlates of the US-reminder paradigm suggest the impor-
tance of considering prediction errors and error processing 
in updating original emotions and beliefs during extinction 
training. Introducing the arousal of real fear, at a controllable 
level, and integrating safety learning related to it might lead 
to sufficient cognitive or emotional expectation violation and 
subsequent error resolution processing, thereby enhancing 
extinction learning. However, it is crucial to note that the 
advantage of the US-reminder is minor, and any translation 
attempt needs to be approached cautiously.

The uniqueness of our paradigm, where all CS images are 
unique, allows us to investigate the effects of different remind-
ers on episodic memory. Notably, the CS reminder tended to 
enhance individuals' original episodic memory for the CS + , 
consistent with prior reports (Kroes et al. 2017). However, the 
CS reminder also resulted in false alarms for new CS + images 
compared to the other groups. This cue specificity in the CS-
reminder group, where individuals saw a prototype of the 
CS + image before extinction training, increased the arousal or 
vigilance of the CS + category. This specificity was reflected 
at the neural level, with a unique increase of early expectation 
violation synchronization for CS + images during extinction. 
Interestingly, this specificity did not significantly contribute 
to preventing the return of fear. These findings underscore the 
potential divergent effects of reminders on different memory 
modalities, such as fear conditioning vs. episodic memory, 
emphasizing the need for further exploration.

Several limitations should be acknowledged in our research 
methods and result interpretation. Firstly, our procedural 
choices, such as a slightly shorter reminder-extinction interval 

and different buffer fillings, aimed to enhance EEG data captur-
ing and reduce conceptual implicit memory reactivation. While 
these adjustments may introduce some confusions in result 
interpretations, they were made to strike a balance between 
standard procedures and experimental adjustments for specific 
situations. Secondly, the subtle relative advantage effect of the 
US-reminder is noteworthy. Rather than entailing the complete 
disappearance of spontaneous fear, it demonstrates a compara-
tively more successful recession during re-extinction compared 
to the other two groups. Moreover, the neural correlates associ-
ated with the US advantage effect are not straightforward; spe-
cifically, neural desynchronization and synchronization related 
to expectations and their violations are predominantly observed 
in the US reminder group, indicating a generally greater neural 
response in the US group on extinction day, irrespective of CS 
type. When combined with the slower yet effective behavioral 
extinction observed, this phenomenon may suggest a distinc-
tive extinction learning process, potentially involving non-cue-
specific, generalized intentional integrational learning or delib-
erate conflict resolution. Future studies could utilize multiple 
indicators, such as subjective ratings and physiological indexes, 
to authenticate the US-reminder-dependent extinction pattern 
and explore its potential advantages with more comprehensive 
approaches. Indeed, the retrieval dependence effect identified 
in our study is not synonymous with reconsolidation. Our study 
did not aim to prove the existence of the reconsolidation pro-
cess or verify whether the memory genuinely loses stability in 
the storage aspect. Alternative explanations for the different 
extinction pattern and their effects outside the reconsolidation 
framework can exist. Finally, the selection of specific methods 
for time–frequency decomposition, such as windowed fast Fou-
rier transform or wavelet analysis, and the choice of specific 
parameters can have a certain impact on the results (trade-off 
between time and frequency resolution), particularly when deal-
ing with EEG epochs requiring fine differentiation of extinction 
processing. Moreover, the selection of frequency bands of inter-
est based on grand average spectra may lack precision, espe-
cially in the context of complex intergroup factor designs. In the 
future, more sophisticated parameter comparison designs and 
model fitting methods can be employed based on fundamental 
conditioned fear paradigms to accurately identify neural com-
ponents associated with fear learning and extinction processes. 
Nevertheless, our current dataset remains a valuable reference 
point notwithstanding these considerations.

In conclusion, our study demonstrates that the general effect 
of the reminder plus extinction procedure on preventing the 
recovery of categorical fear is limited. However, a mild US 
presentation before extinction training can subtly facilitate the 
rate of fading and reduce fear reinstatement, thereby alleviating 
fear recovery. These US reminder-dependent effects, associated 
with slowed extinction learning and enhanced error processing 
indexed by PFC/ACC-theta/alpha oscillations, offer construc-
tive evidence for enhancing the effectiveness of extinction 
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learning and reducing fear relapse. The specific effect and 
mechanism of post-reminder extinction warrant more detailed 
investigation and clarification. The US-reminder as a novel 
adaptive extinction paradigm requires further attention.
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