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ABSTRACT

Memory suppression and fear extinction both reduce the influence of past experiences on current cognition and
behavior, but they are typically studied within separate research traditions. The present study examined whether
these two processes recruit partially overlapping neural systems involved in the regulation of unwanted mem-
ories and previously threat-associated cues. We conducted a preregistered coordinate-based meta-analysis of
fMRI studies using activation likelihood estimation (ALE) and meta-analytic connectivity modeling (MACM). The
analysis included 63 experiments involving 1452 participants and focused on contrasts commonly used to index
retrieval suppression in the Think/No-Think paradigm and threat-cue processing during extinction learning. ALE
revealed convergent activation in bilateral inferior frontal gyrus/anterior insula and right inferior parietal lobule.
MACM further showed that these regions were embedded within broader executive-control and attention-related
coactivation networks. These findings suggest that memory suppression and fear extinction partially converge
within broader control- and attention-related systems involved in controlling task-relevant memory and threat
representations. At the same time, partly distinct medial temporal and affective-learning patterns point to
important domain-specific differences between intentional episodic retrieval suppression and extinction-based
threat-safety updating. Overall, the findings help bridge research on memory control and fear extinction by
identifying partially overlapping regulatory systems while preserving important theoretical distinctions between
the two processes. This framework highlights how control- and attention-related neural systems may contribute
to the regulation of unwanted memories and conditioned fear responses through their interactions with memory,
threat-learning, and contextual updating processes.

1. Introduction

memory [3-6]. More recent evidence, however, suggests that extinction
also engages broader prefrontal, cingulo-opercular, and

The ability to flexibly regulate the influence of past threat experi-
ences is essential for adaptive behavior and emotional well-being [1].
Fear extinction provides a central model for understanding this capacity:
when a previously threatening cue is repeatedly encountered without an
aversive outcome, conditioned fear responses gradually diminish Pavlov
[2]. Traditionally, extinction has been understood as a form of new
safety learning that does not erase the original fear memory but modifies
how threat associations are expressed in a given context. Neurobiolog-
ical accounts have therefore emphasized interactions among the
amygdala, hippocampus, and ventromedial prefrontal cortex in encod-
ing threat-safety contingencies, contextual modulation, and extinction

attentional-control systems, indicating that the attenuation of condi-
tioned fear may involve not only associative updating but also regula-
tory control over reactivated threat-related representations [7,8].
During extinction learning, a previously threatening cue can still
elicit fear because it reactivates stored memories of prior aversive ex-
periences [9,10]. Thus, extinction may involve not only the formation of
new safety associations but also the regulation of reactivated
fear-related memories. Memory, as a central component of emotional
experience, provides one pathway through which emotional responses
may be regulated [11]. Accordingly, a growing body of research has
examined how the control of memory processes influences emotional
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functioning [11-13]. The Think/No-Think (TNT) paradigm is a
well-established experimental framework for studying the intentional
control of memory retrieval, in which participants are instructed to
either retrieve or suppress unwanted memories [14-18]. In the TNT
paradigm, participants first learn cue-target associations and are later
instructed either to retrieve or to suppress the target when presented
with the cue [19]. Repeated suppression typically leads to a decrease in
subsequent recall, a phenomenon known as suppression-induced
forgetting. Many studies have shown that memory control not only re-
duces the accessibility of unwanted memories but also diminishes the
emotional responses associated with them [11,20-23]. Neuroimaging
evidence further indicates that memory suppression engages prefrontal
and cingulo-opercular control regions, including the dIPFC and vIPFC,
which interact with medial temporal and affective-memory systems
such as the hippocampus and amygdala during the regulation of un-
wanted memories [24,4,25]. Deficits in the ability to control unwanted
memories have been linked to affective disorders such as depression and
PTSD, which are characterized by intrusive threat memories and dis-
turbances in emotional regulation Stramaccia et al. [26].

Collectively, these findings raise the possibility that memory control
processes may contribute to some aspect of fear extinction [7]. This view
aligns with everyday experience: for instance, a person who has recov-
ered from a car accident may still feel fear when hearing the distant
sound of braking tires. Overcoming this reaction may involve not only
recognizing that the sound no longer signals personal danger, but also
regulating the retrieval and emotional impact of the associated trau-
matic memory. Consistent with this idea, several researchers have pro-
posed that memory inhibition may represent one functional component
contributing to fear extinction, alongside other mechanisms such as
safety learning, contextual modulation, and prediction-error-based
updating [27]. This view is further supported by animal and human
evidence implicating partially overlapping prefrontal-hippocampal and
fronto-limbic pathways in both fear extinction and memory control. Key
regions implicated across studies include the infralimbic cortex and
nucleus reuniens in rodents, the hippocampus and amygdala, and in
humans the right dorsolateral and ventrolateral prefrontal cortex, dorsal
ACC/pre-SMA, and anterior insula. These regions may contribute to the
regulation of threat-related memory representations through in-
teractions between control-related cortical systems and medial temporal
or affective-learning systems [7].

Taken together, these observations raise the possibility that fear
extinction learning and memory control may recruit partially over-
lapping regulatory systems that support the control of reactivated
memory and threat-related representations. Within this broader frame-
work, we focus on inhibitory regulation as one potential functional
component that may contribute to extinction learning, while recog-
nizing that extinction also depends on safety learning, contextual
modulation, and predictive updating [24]. From a clinical standpoint,
although exposure-based interventions are grounded in extinction
principles, they often show high relapse rates, practical implementation
challenges, and limited long-term efficacy [28-32]. Identifying how
memory control processes relate to fear extinction may therefore inform
the development of cognitively grounded therapeutic approaches. Spe-
cifically, if inhibitory regulation contributes to the regulatory processes
supporting extinction learning, strengthening memory-control capac-
ities through targeted cognitive training may represent one promising
avenue for improving emotional regulation and reducing the recurrence
of maladaptive fear.

In the present study, we aimed to examine whether fear extinction
and memory control recruit partially overlapping neural systems
involved in regulating threat-related memory representations. To this
end, we analyzed two established paradigms: the fear conditioning and
extinction paradigm, focusing on the extinction learning phase, and the
Think/No-Think (TNT) task, focusing on direct suppression conditions.
The extinction learning phase was selected because conditioned threat
cues continue to reactivate previously acquired threat-related
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representations while conditioned fear responses gradually diminish.
Thus, extinction learning may involve not only the acquisition of new
safety associations but also the regulation of reactivated threat-related
memories. The TNT direct suppression condition was selected because
it provides the most direct experimental model of intentional memory
control while minimizing potential confounds associated with alterna-
tive strategies such as attentional diversion or thought substitution.
Building on theoretical accounts suggesting that memory-control pro-
cesses may contribute to fear regulation [7], we examined the
conjunction between No-Think > Think and CS+ > CS— contrasts. This
analysis was designed to identify potential convergence in neural sys-
tems involved in the regulation of threat-related representations across
the two paradigms. As a complementary analysis, we also examined the
conjunction between Think > No-Think and CS— > CS+. Whereas the
former contrast is commonly associated with memory retrieval, the
latter has been linked to safety-signal processing and safety learning
during extinction. This complementary analysis was included to char-
acterize neural systems associated with retrieval- and safety-related
processing and to provide a broader context for interpreting the speci-
ficity of the primary conjunction findings.

Based on these considerations, we expected memory suppression and
fear extinction to show partial neural convergence within control- and
attention-related cortical systems, particularly in prefrontal and parietal
regions that have been implicated in the regulation of memory retrieval,
threat processing, and task-relevant representations [8,24,33]. We also
examined whether medial temporal and affective-learning regions,
including the hippocampus and amygdala, would show overlapping or
domain-specific patterns across the two paradigms, given their central
roles in episodic memory, contextual modulation, and fear learning [7,
11]. Finally, we used MACM to determine whether the regions showing
cross-domain convergence were embedded within broader large-scale
networks associated with cognitive control, attentional orienting, and
the regulation of threat-related representations. To minimize potential
confounds related to developmental or clinical factors, only studies
involving healthy adult participants were included.

2. Methods
2.1. Literature search and article selection

The meta-analysis was prospectively registered on the Open Science
Framework (OSF; https://doi.org/10.17605/0SF.I0/B24VN) and con-
ducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [34]. The analytical
procedures closely followed the preregistered protocol, with only minor
differences from the initial plan, which are described in the Supple-
mentary Materials 1.

Systematic literature searches were conducted in PubMed, Web of
Science, and ProQuest (coverage through June 2025). Detailed search
strategies are provided in Supplementary Table S1. Additional relevant
studies were identified through backward citation tracking of included
articles and prior meta-analyses [8,13,35].

The inclusion and exclusion criteria for the literature are as follows:
(1) Publication Type: Only original research articles published in peer-
reviewed English-language journals were considered. Empirical studies
were included, while reviews, meta-analyses, and case reports were
excluded. (2) Study Population: Only studies involving healthy adults
without any clinically diagnosed psychiatric disorders were included.
Studies focusing on clinical or subclinical populations were excluded.
When studies included both patient and control groups, only data from
healthy control participants were considered. (3) fMRI Methodology:
Only neuroimaging studies employing whole-brain fMRI and reporting
activation coordinates in a standard anatomical reference space—either
Talairach or Montreal Neurological Institute (MNI)—were included.
Studies were required to present results from whole-brain analyses.
Studies based solely on region-of-interest (ROI) analyses were excluded
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unless whole-brain data were also reported. (4) Task Paradigm: Studies
were included if they employed either the TNT paradigm for memory
control or the fear conditioning and extinction paradigm for fear
extinction, and reported whole-brain general linear model (GLM) ana-
lyses of relevant experimental contrasts. For TNT studies, both
emotionally laden and neutral stimuli were included to ensure sufficient
data coverage and enhance the robustness of the meta-analytic results.
(5) Coordinate Availability Criteria: Only studies that reported activa-
tion coordinates for individual experimental conditions were included.
Studies were considered eligible if they reported contrast-based activa-
tion results, such as “No-Think > Think” or “CS+ > CS—". In the context
of fear extinction, CS+ refers to a conditioned stimulus previously paired
with an aversive outcome, whereas CS— denotes a non-conditioned
stimulus that was never associated with the aversive event.

To safeguard analytical validity, multiple methodological biases
were systematically mitigated throughout this meta-analysis: (1) Se-
lection bias was controlled by excluding clinical/subclinical populations
(e.g., trauma-exposed individuals below PTSD thresholds) while
including only medication-naive healthy adults, precluding neuro-
developmental, pathological, and stress-response confounds; (2)
Dimensionality bias was addressed through auditing demographic dis-
tributions (age/sex), auditing task-design specificity (direct suppression
/ extinction learning), multiple comparison correction protocols, and
reporting completeness; (3) Thresholding bias was controlled by
requiring validated multiple comparison correction methods (FDR/FWE
cluster-level correction), while accepting uncorrected voxel-level find-
ings exclusively at stringent thresholds (p < 0.001). (4) Duplicate data
bias was precluded via cross-verification of sample descriptors,
authorship, and experimental protocols—excluding cohorts with
participant overlap; (5) Temporal bias was controlled through publica-
tion year documentation and methodological evolution tracking; (6)
Extraction bias was mitigated by dual-researcher independent coordi-
nate extraction with inter-rater validation.

2.2. Activation likelihood estimation (ALE) meta-analysis

In the present study, we conducted ALE meta-analyses using the
GingerALE software (version 3.0.2; available at http://brainmap.
org/ale/; [36]). The analyses were based on reported activation co-
ordinates from eligible studies and included four contrast analyses and a
conjunction analysis assessing the overlap between the memory control
and fear extinction domains.

2.2.1. Single-dataset analysis

Four separate ALE meta-analyses were conducted to identify
convergent activation patterns for each contrast of interest: “No-Think >
Think”, “Think > No-Think”, “CS4 > CS—", and “CS— > CS+". For the
memory control domain, activation coordinates were extracted from
“No-Think > Think”, indexing inhibitory suppression, and “Think > No-
Think”, indexing retrieval-related processing in the TNT paradigm. For
the fear extinction domain, activation foci were derived from “CS+ >
CS—", reflecting the processing of threat cues during extinction learning,
and “CS— > CS+", reflecting the learning and expression of safety sig-
nals. All coordinates were converted into MNI space [37] and analyzed
using the ALE algorithm [38], with statistical significance assessed via
1000 permutations and cluster-level FWE correction (p < 0.05,
cluster-forming threshold p < 0.001; [39, 40]).

2.2.2. Conjunction and contrast analyses

We performed conjunction analysis using GingerALE 3.0.2 to iden-
tify brain regions commonly activated in both the memory control and
fear extinction conditions. Specifically, the conjunction focused on the
contrasts “No-Think > Think” and “CS+ > CS—,” representing inhibitory
processes during retrieval suppression and conditioned fear regulation,
respectively. First, we conducted separate ALE analyses for each dataset
and applied a voxel-level threshold of p < 0.001 with 10,000
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permutations and a minimum cluster size of 200 mm?® to correct for
multiple comparisons. We then computed a conjunction map by taking
the voxel-wise minimum of the two thresholded ALE images. The
resulting map highlighted regions of significant activation convergence
shared across both conditions [41].

In addition to the primary conjunction between “No-Think > Think”
and “CS+ > CS—", we also examined the conjunction between “Think >
No-Think” and “CS— > CS+" as a complementary analysis. This analysis
was conducted to characterize patterns of activation convergence
associated with retrieval- and safety-related processing and to provide a
broader context for interpreting the specificity of the primary conjunc-
tion findings. Full methodological details, including preprocessing steps,
null distribution generation, and anatomical labeling procedures, are
provided in the Supplementary Material 2.

2.3. Meta-analytic connectivity modeling (MACM)

We employed MACM to identify task-specific coactivation patterns
associated with predefined ROIs. MACM is a data-driven approach that
estimates functional connectivity based on the consistent coactivation of
brain regions across a large corpus of task-based neuroimaging studies
[42,43]. The underlying assumption of this method is that brain regions
are functionally connected if they are consistently coactivated across
multiple independent experiments.

To implement the analysis, we defined ROIs and conducted a meta-
analytic search using the BrainMap Functional database, followed by
ALE to identify consistent coactivation patterns. We first defined ROIs
based on the results of the ALE conjunction analysis. All significant
conjunction clusters were selected, and a 12-mm cubic ROI [44] was
centered on the peak coordinate of each cluster. For each ROI, we then
conducted an independent meta-analytic search in the BrainMap Func-
tional database (http://www.brainmap.org) to extract task-related
coactivation foci. The search was restricted to studies categorized as
“Activations only” under the “Experiments” field, conducted in the
context of “Normal Mapping,” and involving “Normals” as participants.
This procedure enables the identification of statistically robust coac-
tivation patterns for each ROI across an independent sample of
task-based neuroimaging studies. To characterize the overall coac-
tivation profile of each predefined ROI, we then merged all foci
extracted from its constituent clusters into a single dataset, which was
used to represent the coactivation pattern associated with the entire
ROL To ensure the independence of MACM results across ROIs, studies
that overlapped between different ROIs were excluded prior to subse-
quent analysis. Retrieved coordinates were exported and converted into
MNI space for subsequent analysis [45,46].

We conducted MACM analyses separately for three ROIs identified in
the ALE conjunction analysis: (1) the left inferior frontal gyrus (270
experiments, 4704 subjects, 3760 activation foci), (2) the right inferior
frontal gyrus (417 experiments, 6528 subjects, 6872 foci), and (3) the
right inferior parietal lobule (93 experiments, 1293 subjects, 1516 foci).
After removing duplicate experiments that were shared across ROIs, the
final combined dataset included 715 unique experiments and 10,696
activation foci. Each dataset was analyzed independently using Gin-
gerALE version 3.0.2, with the same statistical thresholds applied as in
the primary ALE analyses: a voxel-level threshold of p < 0.001, cluster-
level FWE correction at p < 0.05.

2.4. Network-based correlation analysis

To quantitatively characterize the large-scale functional architecture
of the identified coactivation patterns, the results of the MACM analysis
were mapped onto canonical large-scale resting-state networks (RSNs)
[41,44, 47]. Specifically, we utilized the seven-network cortical par-
cellation proposed by B. T. Thomas Yeo and colleagues Thomas Yeo
et al. [48], which was further refined in the atlas developed by Konrad
Schaefer and colleagues Schaefer et al. [49]. These canonical RSNs
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include the visual network (VN), somatomotor network (SMN), dorsal
attention network (DAN), ventral attention network (VAN), frontopar-
ietal control network (FPCN; also referred to as the executive control
network, ECN), default mode network (DMN), and limbic network (LN).
In addition to the seven-network parcellation, we also employed the
finer-grained network subdivision derived from the Schae-
fer2018 100Parcels_17Networks template, which provides a more
detailed delineation of large-scale functional systems.

Following established protocols [44], we assessed network corre-
spondence by calculating both relative and absolute overlap between
the aggregated MACM map and RSN templates ([41]; Huang, 2023).
Spatial overlap between the MACM-derived coactivation pattern and
each RSN was quantified using two complementary metrics. First, the
spatial overlap proportion (SOP) was used to characterize relative
network distributions, defined as the proportion of overlapping voxels
between the MACM coactivation pattern and a given RSN relative to the
total number of voxels in the MACM map. Second, the Dice similarity
coefficient was calculated to quantify absolute spatial overlap between
the two maps. The definitions and computational procedures for SOP
and Dice coefficient followed previous studies [44,50,51]. In the for-
mulas, (X_i) denotes the ith MACM-derived coactivation pattern and
(Y_j) represents the jth RSN template.

As a supplementary analysis, the ECN was further subdivided into
three subnetworks—ControlA (ContA), ControlB (ContB), and ControlC
(ContC)—based on the Schaefer2018 functional parcellation. Each ECN
subnetwork mask was individually compared with the aggregated
coactivation map using the same SOP and Dice coefficient procedures in
order to further characterize the subnetwork-level distribution of the
MACM-derived functional connectivity pattern. This approach allows
the MACM-derived coactivation pattern to be interpreted within the
framework of established large-scale functional brain systems.

Xiny;
SOP)) == X ’
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3. Results

Of the 2326 publications initially identified, 1452 participants across
63 independent subject groups from 36 studies were included in the final
meta-analysis. Details of the study selection process are presented in
Fig. 1, while Tables 1 and 2 provide an overview of the included studies
and the demographic characteristics of the participant samples,
respectively. Comprehensive activation coordinates and detailed slice
images are provided in the Supplementary Materials 2&4.

3.1. Independent analyses of memory control

The No-Think > Think contrast revealed 11 significant clusters, with
peak activations observed in the bilateral anterior insulae, inferior
frontal gyrus (IFG), superior frontal gyrus (SFG), supplementary motor
area (SMA) and pre-SMA, dACC, superior/middle frontal gyri (MFG) and
inferior parietal lobule (IPL). Conversely, the Think > No-Think analysis
identified 6 clusters. The medial temporal lobe (MTL) showed bilateral
involvement, where activations primarily involved the para-
hippocampal gyrus and extended into the hippocampus. Additional ac-
tivations were located in the posterior cingulate cortex and cuneus (see
Fig. 2).

(a) Formal conjunction analysis between No-Think > Think and CS+
> CS—, conducted to identify regions showing statistically significant
cross-domain convergence between retrieval suppression and threat-cue
processing during extinction. The conjunction revealed overlapping
activation in bilateral IFG/anterior insula and right IPL. (b-e) Inde-
pendent ALE meta-analyses for each contrast, shown to characterize the
activation patterns within each domain and to provide context for
interpreting the formal conjunction results: (b) No-Think > Think,
indexing retrieval suppression during memory control; (c¢) CS+ > CS—,
reflecting threat-cue processing during fear extinction; (d) Think > No-
Think, reflecting retrieval-related processing; and (e) CS— > CS+,
reflecting safety-signal processing during extinction. Importantly,
panels (b-e) represent independent domain-specific ALE results and
should not be interpreted as evidence of formal cross-domain overlap.

SMA, supplementary motor area; dACC, dorsal anterior cingulate
cortex; IFG, inferior frontal gyrus; SFG, superior frontal gyrus; IPL,
inferior parietal lobule; dmPFC, dorsomedial prefrontal cortex; CS+,
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Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram for the procedure of study identification.
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Table 1
Characteristics of the 20 fMRI studies included in the fear extinction meta-analysis.
Authors n Males mean materials of CS\UCS Reinforcement rate Immediate Same Environment in Correction
(%) age during conditioning (%) extinction? Conditioning-Extinction Level
Phases?
Faul et al. [52] 40 55 24.55 face\electric 50% no(1 day) no Peorr < 0.05
stimulation FWE
Gramsch et al. 24 46 29.02 geometrical figures 80% yes yes Puncorr< 0.001
[53] \rectal pain
stimulation
Hagedorn et al. 60 50 23.9 geometrical figures 62.50% no yes Peorr< 0.05
[54] \electric stimulation FWE
Hennings et al. 24 38 21 pictures\electric 50% no no Peorr< 0.05
[55] stimulation FWE
Hermann et al. 46 100 23.4 lights\electric 62.50% yes no Deorr< 0.05
[56] stimulation FWE
Hollandt et al. 16 19 23.4 face\electric 60% no(1 day) yes Puncorr< 0.001
[57]1 stimulation
Holt et al. [58] 17 100 34.2 lights\electric 60% no(1 day) no Peorr< 0.05 MC
stimulation
Kattoor et al. 19 71 24.06 geometrical figures 75% yes yes Puncorr< 0.001
[59] \rectal pain
stimulation
Kinner et al. 64 50 23.67 lights\electric 62.50% no(1 day) no Peorr< 0.05
[60] stimulation FWE
Levar et al. [61] 70 100 21.75 geometrical figures 33% yes yes Peorr< 0.05
\electric stimulation FWE
Maier et al. [62] 17 41 31 pictures\electric 50% no(1 day) yes Peorr< 0.05
stimulation FWE
Merz et al. [63] 15 100 24.9 geometrical figures 62.50% yes yes Peorr< 0.05
\electric stimulation FWE
Pohlack et al. 118 66 NA colors\electric 50% yes yes DPeorr< 0.05
[64] stimulation FWE
Ridderbusch 100 54 33.1 faces\electric 60% no(1 day) yes Peorr< 0.05
et al. [65] stimulation FWE
Sehlmeyer et al. 32 38 23.6 faces\acoustic white 25% yes yes Puncorr< 0.001
[66] noise
Seo et al. [67] 19 22 29.3 lights\electric 62.50% no(1 day) no Peorr< 0.05
stimulation FWE
Spohrs et al. 51 100 22.8 geometrical figures 50% no(1 day) yes Peorr< 0.05
[68] \thermal stimulation FWE
Spoormaker 16 100 25 geometrical figures 50% yes yes Puncorr< 0.005
et al. [69] \electric stimulation
Visser et al. [70] 79 31 22.1 pictures\electric 46% no(2 day) yes Peorr< 0.05
stimulation TFCE
[71] 93 33 32.93 face\electric 60% no(1 day) yes Peorr< 0.05
stimulation FWE
Total/mean 920 60.7 25.98 56%

Abbreviations: CS, conditioned stimulus; UCS unconditioned stimulus; pyncorr = uncorrected p-value for multiple comparisons; p.orr = corrected p-value for multiple
comparisons; FWE = with family-wise error correction; TFCE = Threshold-Free Cluster Enhancement; MC = Monte Carlo-corrected; fMRI=functional magnetic

resonance imaging, NA= Not available.

conditioned stimulus previously paired with an aversive outcome; CS—,
non-conditioned stimulus never associated with the aversive outcome.

3.2. Independent analyses of fear extinction

For the CS+ > CS— contrast, seven significant clusters emerged,
involving the bilateral anterior insulae, ventral striatum, rostral anterior
cingulate cortex, and bilateral IFG. In the reverse contrast CS— > CS+,
seven clusters were identified. Significant activation was observed in the
left MTL, involving the parahippocampal gyrus and extending into both
the hippocampus and the amygdala. Other activations were observed in
the bilateral posterior cingulate cortex, orbital gyrus, and angular gyrus
(see Fig. 2).

(a) Descriptive spatial comparison of medial temporal lobe (MTL)
activation patterns derived from the independent ALE meta-analyses of
Think > No-Think and CS— > CS+. The memory-control map (Think >
No-Think; red) showed bilateral hippocampal/parahippocampal
involvement, whereas the fear-extinction map (CS— > CS+; blue)
showed a more left-lateralized MTL pattern. These independent ALE
maps are presented to characterize the spatial distribution of MTL

involvement across the two domains.

(b) Results of the direct ALE contrast analysis, (No-Think > Think)
> (CS+ > CS—), conducted to identify regions showing significantly
greater activation convergence for memory suppression than for threat-
cue processing during fear extinction. Significant differences were
observed predominantly in right-lateralized frontal regions and the right
precuneus.

SFG, superior frontal gyrus; MFG, middle frontal gyrus; CS+,
conditioned stimulus previously paired with an aversive outcome; CS—,
non-conditioned stimulus never associated with the aversive outcome.

3.3. Shared activation patterns across memory control and fear extinction

To identify shared neural activation across memory control and fear
extinction, a formal conjunction analysis was performed (see Fig. 2 and
Supplementary Fig. S6). This analysis revealed three significant clusters
in the No-Think > Think N CS+ > CS— contrast: (1) the left anterior
insula and inferior frontal gyrus, (2) the right anterior insula and inferior
frontal gyrus, and (3) the right inferior parietal lobule. A fourth cluster
was also identified in the conjunction analysis, centered in the left dorsal
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Table 2
Characteristics of the 16 fMRI studies included in the memory control meta-analysis.
Authors n Males mean Cue-target Nature of the cue-target Suppression Test Phase with SP/IP  Correction
(%) age materials materials Strategy Probes Level
Benoit, Anderson 24 58 25 word pairs Neutral - Neutral inhibitory control SP & IP Puncorr< 0.001
[72]
Benoit et al. [73] 18 33 25 word pairs Neutral - Neutral inhibitory control SP & IP Peorr< 0.05 FWE
Benoit et al. [73] 16 50 22 word-picture Neutral - Neutral inhibitory control SP Peorr< 0.05 FWE
Depue et al. [74] 16 63 20 face - picture Neutral - Negative inhibitory control SP Peorr< 0.05 FWE
Depue et al. [74] 21 52 21.5 face - picture Neutral - Neutral inhibitory control 1P Peorr< 0.05 FWE
Gagnepain.2014 24 52 22.3 word - picture Neutral - Neutral inhibitory control SP Peorr< 0.05 FWE
Gagnepain et al. 24 33 26.5 face - picture Neutral - Negative & inhibitory control SP Peorr< 0.05 FWE
[75] Neutral
Hulbert et al. [76] 18 36 26.5 word pairs Neutral - Neutral inhibitory control SP & IP Peorr< 0.05
GRFT
Levy, Anderson [77] 18 44 25.5 word pairs Neutral - Neutral inhibitory control SP & IP Peorr< 0.05 FWE
Liu et al. [78] 21 100 21.6 face - picture Neutral - Negative inhibitory control SP Peorr< 0.05 FWE
Mary et al. [79] 175 NA 39 word - picture Neutral - Neutral inhibitory control SP & IP Peorr< 0.05 FWE
Meyer.2022 33 49 24.85 picture pairs Neutral - Negative inhibitory control SP Peorr< 0.05 FWE
Sacchet et al. [80] 16 50 31.7 word pairs Neutral - Negative & inhibitory control SP & IP Peorr< 0.05 FWE
Neutral
Smith et al. [81] 48 48 29.8 face - picture Neutral - Negative inhibitory control SP Deorr< 0.05 FDR
Wei.2021 26 42 23.41 picture pairs Neutral - Neutral inhibitory control Sp Peorr< 0.05 FWE
Yang et al. [20] 20 NA 20.56 word pairs Neutral - Negative & inhibitory control SP Peorr< 0.05 FDR
Neutral
Total/mean 518 51 25.17

Abbreviations: SP, Same Probe test; IP, Independent Probe test; pyncorr = uncorrected p-value for multiple comparisons; peor = corrected p-value for multiple com-
parisons; FWE = with family-wise error correction; FDR = with false discovery rate correction; fMRI=functional magnetic resonance imaging, NA= Not available.
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Fig. 2. ALE activation patterns for memory control and fear extinction.

anterior cingulate cortex, corresponding to Brodmann area 32. How-
ever, due to its limited spatial extent (2 voxels), this cluster did not meet
the minimum size threshold for subsequent MACM and was excluded
from further connectivity and network analyses. Therefore, three
conjunction-derived clusters located in the bilateral inferior frontal gyri
and right inferior parietal lobule were selected as ROIs for follow-up
analyses. Detailed coordinates and statistical values for all clusters are
provided in Supplementary Table S2&S3. No significant clusters were
identified for the reverse conjunction contrast Think > No-Think N CS—
> CS+.

3.4. Differential activation between memory control and fear extinction

To facilitate comparison across domains, Fig. 3a presents the MTL
patterns derived from the independent ALE analyses of memory control

and fear extinction, whereas Fig. 3b shows the direct contrast between
the No-Think > Think and CS+ > CS— maps.

Direct contrast analyses were conducted in both directions for the
suppression/threat-processing contrasts and for the retrieval/safety-
processing contrasts. For the comparison (No-Think > Think) > (CS+
> CS-), six significant clusters were identified, primarily involving
right-lateralized frontal regions, including the superior and middle
frontal gyri, precentral gyrus, inferior frontal gyrus, and medial frontal
gyrus, together with the right precuneus (see Fig. 3b and Supplementary
Table S3). No significant clusters were identified for the reverse contrast,
(CS+ > CS—) > (No-Think > Think).

For the comparison (Think > No-Think) > (CS— > CS+), a significant
cluster was identified in the right occipital lobe, with peak activation in
the lingual gyrus and cuneus (BA 17). No significant clusters were found
for the reverse contrast, (CS— > CS+) > (Think > No-Think).
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@® Memory Control @ Fear Extinction

Fig. 3. Domain-specific medial temporal patterns and differential activation between memory control and fear extinction.

Neither the direct contrast nor the formal conjunction analysis patterns observed in the independent Think > No-Think and CS— > CS+
revealed significant clusters within the MTL. To further characterize ALE analyses (Fig. 3a). Memory control exhibited bilateral recruitment
MTL involvement, we therefore descriptively compared the spatial of the parahippocampal gyrus and hippocampus. In contrast, fear

Right IPL  Right IFG

»

16 26 36 46 56 66

Fig. 4. Meta-analytic connectivity modeling results for the three conjunction-defined regions of interest (ROISs).
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extinction activation was localized to the left parahippocampal gyrus,
with an extent reaching the hippocampus and amygdala. Although these
effects did not survive formal conjunction testing, the partially over-
lapping spatial patterns may suggest convergent involvement of MTL
regions across domains, while also indicating distinct spatial distribu-
tions within the hippocampal-parahippocampal complex.

3.5. Coactivation maps of conjunction-derived regions

MACM revealed distinct yet overlapping coactivation profiles for the
three regions identified in the conjunction analysis. For the left anterior
insula and IFG, significant coactivation was observed with the bilateral
IFG, ACC, thalamus, striatum, bilateral IPL, fusiform gyri, MFG, and
cerebellum. The right anterior insula and IFG exhibited a comparable
coactivation pattern, involving the bilateral IFG, ACC, thalamus, IPL,
fusiform gyri, MFG, and cerebellar regions. Coactivation associated with
the right IPL included the bilateral IFG and insulae, ACC, SMA, thalamic
ventral nuclei, putamen, superior temporal gyri, medial frontal gyri, and
precuneus (see Fig. 4).

To characterize the aggregate coactivation profile across all three
regions, we combined the results from the individual MACM datasets,
which had been independently generated for each ROI and comprised a
total of 715 non-overlapping experiments and 11,571 participants (see
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Methods). The conjunction-level MACM map, obtained by merging
these datasets and applying identical ALE parameters, revealed a
widespread coactivation network that encompassed the bilateral infe-
rior frontal gyri, anterior insulae, anterior cingulate cortex, thalamus,
putamen, inferior and superior parietal lobules, fusiform gyri, medial
and middle frontal gyri, supplementary motor area, and cerebellum.
These findings indicate a common task-based coactivation architecture
broadly consistent with the profiles identified at the level of individual
ROIs, while also suggesting convergent functional connectivity patterns
associated with both memory control and fear extinction processes (see
Fig. 4 and Supplementary Table S4).

The three ROIs were identified from the formal conjunction analysis
of No-Think > Think and CS+ > CS—, and MACM was conducted to
characterize their broader task-based coactivation patterns. (a) Coac-
tivation map associated with the left IFG. (b) Coactivation map associ-
ated with the right IFG. (c) Coactivation map associated with the right
IPL. (d) Surface renderings of the MACM results: the left, middle, and
right panels show coactivation patterns for the left IFG, right IPL, and
right IFG, respectively. (e) Sagittal views of the aggregated MACM
coactivation pattern across the three conjunction-defined ROIs.

Pre-SMA, pre-supplementary motor area; dACC, dorsal anterior
cingulate cortex; IFG, inferior frontal gyrus; MFG, middle frontal gyrus;
IPL, inferior parietal lobule.

A0S

o

ECN__ContA
ECN__ContB

Fig. 5. Network-based characterization of MACM-derived coactivation patterns.
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3.6. Schaefer atlas-based profiling of conjunction-derived coactivation
networks

To delineate the large-scale functional network architecture associ-
ated with the conjunction-identified regions, we assessed the spatial
convergence between their meta-analytic coactivation maps and the
Schaefer2018_100Parcels_17Networks atlas (MNI152 space). This
analysis was performed at two levels: (1) the canonical seven-network
framework to capture broad functional affiliations, and (2) the tripar-
tite subdivision of the ECN into ContA, ContB, and ContC, to charac-
terize more fine-grained connectivity profiles (see Fig. 5).

At the seven-network level, the left IFG demonstrated the strongest
spatial correspondence with the ECN (SOP = 0.641; Dice = 0.094),
followed by moderate alignment with the DAN (SOP = 0.283; Dice =
0.046). Within the ECN, overlap was primarily localized to the ContA
subdivision (SOP = 0.590; Dice = 0.186), with negligible involvement of
ContB or ContC. The right IFG and anterior insula showed the highest
convergence with the DAN (SOP = 0.328; Dice = 0.102), along with
more limited coactivation with the ECN (SOP = 0.230; Dice = 0.065).
Within the ECN, overlap was exclusively attributable to ContA (SOP =
0.223; Dice = 0.129), with no measurable contribution from ContB or
ContC. The right IPL exhibited its greatest overlap with the VAN (SOP =
0.493; Dice = 0.16), and secondary correspondence with the ECN (SOP
= 0.124; Dice = 0.03), again localized primarily to the ContA subdivi-
sion (SOP = 0.112; Dice = 0.063). Finally, coactivation patterns for all
three seed regions showed minimal or no spatial convergence with the
limbic network. Additionally, no appreciable overlap was observed be-
tween the right IPL and the visual network, or between the left IFG and
the somatomotor network.

To further characterize the common large-scale network affiliations
across all three ROIs, a combined meta-analytic coactivation map was
generated and compared against the canonical seven-network atlas. This
conjunction-level MACM map comprised 3913 suprathreshold voxels
(Z > 3.09). Among all networks, the highest Dice coefficient was
observed for the ECN (Dice = 0.0650), followed closely by the VAN
(Dice = 0.0647), DMN (Dice = 0.0623), and DAN (Dice = 0.0621).
Minimal convergence was observed with the somatomotor (Dice =
0.014) and visual networks (Dice = 0.007), and no overlap was found
with the limbic network. In terms of SOP, the DMN showed the strongest
correspondence (SOP = 0.2870), followed by the ECN (SOP = 0.2011),
DAN (SOP = 0.1761), and VAN (SOP = 0.1648). Only minimal overlap
was observed with the somatomotor (SOP = 0.0348) and visual net-
works (SOP = 0.0197), and no overlap was detected with the limbic
network.

The MACM maps were generated from the three ROIs identified by
the formal conjunction analysis and were compared with canonical
resting-state networks (RSNs) to characterize their large-scale network
affiliations. (a) Dice coefficients quantifying absolute spatial overlap
between each ROI-specific MACM map and seven canonical RSNs:
limbic (Lim), visual (Vis), default mode network (DMN), somatomotor
(Som), dorsal attention network (DAN), ventral attention network
(VAN), and executive control network (ECN). (b) SOP and Dice co-
efficients quantifying the correspondence between the aggregated
MACM map, combined across all three ROIs, and the seven canonical
RSNs. (c¢) Spatial overlap proportion (SOP) between each ROI-specific
MACM map and the same seven RSNs. (d) Relative distribution of
ECN overlap across its subdivisions for each ROI-specific MACM map
and the aggregated map, further characterizing the subnetwork-level
organization of the observed ECN correspondence. ContA, Control A;
ContB, Control B.

4. Discussion
In this study, we conducted a comprehensive meta-analysis to

examine whether fear extinction and memory control recruit partially
overlapping neural systems involved in the regulation of threat-related
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memory representations. Drawing on activation data from 1452 par-
ticipants in the ALE analysis, we identified convergent activation in
bilateral IFG, anterior insula, and right IPL. Subsequent MACM analyses,
based on functional coactivation data from 11,571 participants,
revealed that these regions are embedded within broader control- and
attention-related networks, particularly executive control and ventral
attention systems. Together, these findings suggest partial neural
convergence within cortical systems involved in cognitive control and
attentional regulation. Within this broader regulatory architecture,
inhibitory regulation may represent one functional component shared
across memory suppression and fear extinction, alongside salience
detection, attentional orienting, task-set maintenance, and general
cognitive control [8].

The ALE analysis revealed convergent activation in the bilateral IFG,
anterior insula, and right IPL, regions frequently implicated in inhibitory
control, salience processing, attentional reorienting, and broader
cognitive control processes [82-84]. The IFG-insula complex has been
associated with domain-general control function, including response
inhibition, salience detection, task-set updating, and emotion regulation
[84,85]. These interpretations are broadly consistent with theoretical
accounts suggesting that control-related cortical systems interact with
medial temporal and affective-memory systems during the regulation of
unwanted memories and threat-related representations [7]. In the
context of memory suppression, these regions may contribute to the
intentional control of retrieval by maintaining suppression goals,
detecting intruding memory representations, and coordinating control
over episodic retrieval processes ([24]; Engen et al., 2018). In the
context of fear extinction, similar regions may support the regulation of
responses to previously threat-associated cues by integrating salience
detection, attentional orienting, and the updating of threat-related
representations [8]. The IPL, which has been linked to attentional
shifting and episodic retrieval, may further contribute to the monitoring
and reorienting of attention when task-relevant memory or threat rep-
resentations become active [86,87]. Together, these regions may sup-
port the flexible allocation of control and attention when memory or
threat-related representations become task relevant. In this sense, the
observed frontoparietal-insular convergence may provide a plausible
neural context in which inhibitory regulation contributes to both
memory suppression and fear extinction.

Although fear extinction and memory control showed partial
convergence within control- and attention-related regions, they also
exhibited certain domain-specific differences. Memory control elicited
stronger engagement of a right-lateralized frontoparietal
network—including the superior, middle, and medial frontal gyri, pre-
cuneus, and precentral gyrus—which may reflect the greater demands
associated with deliberate retrieval suppression, goal maintenance, and
the monitoring of unwanted memory intrusions [16,25,88]. Compared
with fear extinction, which often unfolds through repeated cue exposure
and gradual updating of threat-safety associations, memory control
requires participants to intentionally implement a suppression goal
when memory cues are encountered. In this sense, memory suppression
resembles explicit forms of emotion regulation, such as cognitive reap-
praisal, in that both involve the deliberate recruitment of control-related
prefrontal systems to modulate memory or emotional responses [11,13,
27]. Our results also refine prior meta-analytic findings on fear condi-
tioning and extinction [35]. The relatively limited dIPFC involvement
observed in the present analysis may reflect differences in paradigm
selection and contrast definition. Whereas broader conditioning-related
meta-analyses may include tasks that strongly engage expectancy,
working memory, and decision-related processes, our focus on classical
Pavlovian extinction and the CS+ > CS— contrast may have emphasized
regions more closely related to salience processing, threat-cue evalua-
tion, and extinction-related regulatory demands, including the IFG/an-
terior insula. Thus, rather than identifying the IFG as a uniquely
inhibitory node, the present findings suggest that fear extinction and
memory control recruit partially overlapping regulatory systems while



Y. Zhao et al.

differing in the extent to which they engage deliberate frontoparietal
control processes.

Regarding the MTL, neither the direct contrast nor the formal
conjunction analysis revealed significant clusters, suggesting that evi-
dence for cross-domain MTL convergence was weaker than that
observed in frontoparietal-insular regions. Nevertheless, independent
domain-specific analyses showed MTL involvement in both paradigms,
but with distinct spatial profiles: memory control showed more bilateral
and posterior hippocampal-parahippocampal recruitment, whereas fear
extinction showed a more left-lateralized anterior MTL pattern extend-
ing toward the amygdala (see Supplementary Table S2 for details).
These patterns may reflect different representational demands, with
memory control relying more on the regulation of episodic retrieval
processes and fear extinction relying more on the reactivation, contex-
tual modulation, and updating of affective threat representations [89,
90, 91]. The involvement of the amygdala in fear extinction, but not in
the present memory-control contrast, may partly reflect the predomi-
nance of neutral materials in current TNT paradigms. Indeed, studies
using emotionally negative stimuli have reported amygdala modulation
during memory suppression (e.g., [92-95]), suggesting that
amygdala-centered affective systems may also become targets of
inhibitory control when emotional content is involved. Thus, the MTL
findings suggest that memory control and fear extinction engage
domain-relevant but partly distinct representational processes within
the MTL. Future TNT studies using fear-related or trauma-relevant ma-
terials may help clarify how memory-control processes interact with
amygdala-centered affective systems.

To characterize how the conjunction-derived regions were inte-
grated into larger functional networks, we applied MACM and quanti-
fied network correspondence using both SOP and Dice coefficients,
providing complementary indices of their large-scale functional affilia-
tions [44]. At the network level, the MACM results showed that the
bilateral IFG/anterior insula were primarily associated with the ContA
subdivision of the ECN, which includes dIPFC regions involved in goal
maintenance, task-set control, and proactive regulation [22,96,97]. In
contrast, the right IPL demonstrated stronger correspondence with the
VAN, which is implicated in detecting salient or unexpected events and
supporting stimulus-driven shifts in attention [22,98]. In the context of
memory control, ECN engagement may reflect the deliberate, effortful
maintenance of suppression goals and the proactive inhibition of
retrieval [22], while VAN involvement may facilitate the detection and
reorienting of attention when unwanted memories become active [16,
24]. During fear extinction, interaction between these networks may
support the coordination of control and attention as individuals process
salient threat cues, update threat-safety expectations, and regulate
conditioned fear responses [99,100]. The involvement of the DMN in the
coactivation pattern may further reflect internally directed processes,
such as autobiographical retrieval, self-referential evaluation, or
contextual representation, which could contribute to memory and fear
regulation under some task conditions [101]. More broadly, these
network-level findings suggest that inhibitory regulation operates in
coordination with salience detection, attentional orienting,
threat-expectancy updating, and autonomic/interoceptive processes
during emotional responding [102,103]. Thus, the suppression of un-
wanted memories and the regulation of conditioned fear may depend on
dynamic cooperation among executive-control, attention-related, and
internally oriented systems that support inhibitory regulation, together
with interactions involving subcortical structures and broader physio-
logical states.

From a theoretical standpoint, the present findings provide partial
support for the retrieval-stopping model [7], which proposes that fear
extinction and memory control may involve interactions among pre-
frontal, medial temporal, and affective-learning systems during the
regulation of threat-related memory representations. Our findings sug-
gest that fear extinction may not depend solely on associative relearn-
ing, but may also recruit control- and attention-related processes that
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help regulate the expression of reactivated threat memories. At the same
time, the observed overlap may also be compatible with broader
frameworks of extinction learning, including predictive-learning ac-
counts emphasizing threat-expectancy updating, contextual-processing
accounts highlighting the role of medial temporal systems, and
memory-modification perspectives focusing on changes in the expres-
sion of previously acquired representations [104-106]. This interpreta-
tion complements traditional associative learning accounts while
remaining compatible with broader frameworks emphasizing predictive
learning, contextual updating, and memory modification. Thus, inhibi-
tory regulation may represent one functional component within a
broader set of mechanisms supporting adaptive emotional learning.
Future research could combine fear extinction and TNT paradigms to
examine whether behavioral regulation and neural engagement covary
across these contexts. Such work may help clarify when overlapping
prefrontal, insular, parietal, and medial temporal systems specifically
support inhibition and when they reflect broader processes such as
attentional orienting, salience detection, threat-expectancy updating, or
contextual modulation. More broadly, comparing regulatory processes
across extinction, reappraisal, and memory suppression may help
determine how externally and internally driven emotional responses are
controlled, thereby informing theoretical models of emotional learning
and regulation-based interventions.

From a translational perspective, these findings may motivate future
research examining whether memory-control or broader cognitive-
control capacities could contribute to extinction-based interventions,
which can be accompanied by relapse and limited long-term efficacy in
some clinical contexts [29-32,107]. The observed overlap in control-
and attention-related systems may provide a basis for generating hy-
potheses about how regulatory processes relate to maladaptive threat
memories and fear responses. However, these translational implications
remain speculative, as the present coordinate-based meta-analysis does
not directly identify intervention targets or evaluate treatment efficacy.
Future prospective and intervention studies will be needed to determine
whether memory-control capacities or related prefrontal regulatory
functions are meaningfully associated with extinction learning, relapse,
or exposure-based treatment outcomes in clinical populations.

5. Limitations

Several limitations should be noted. First, the present meta-analysis
focused on the classical fear conditioning/extinction paradigm and the
TNT paradigm. Although these paradigms provide well-established
models of extinction learning and intentional memory suppression,
they do not fully capture more cognitively mediated forms of fear
regulation, such as explicit reappraisal, expectancy modulation, pre-
dictive learning, or context-dependent memory updating. Moreover, the
No-Think > Think and CS+ > CS— contrasts differ in their cognitive
demands and should not be treated as equivalent measures of inhibition.
Future studies combining extinction and TNT procedures within the
same participants, particularly with fear-related or trauma-relevant
materials, would help clarify how memory-control processes interact
with extinction-related learning and affective regulation.

Second, although the analyses met recommended standards for ALE
meta-analysis [40], the number of available experiments was still
modest, which may have reduced sensitivity to subtle or spatially vari-
able effects, especially in medial temporal and affective-learning re-
gions. In addition, coordinate-based ALE relies on reported peak
coordinates rather than whole-brain statistical maps, which necessarily
limits anatomical precision and may obscure finer spatial distinctions
between the two paradigms. MACM also depends on the coverage and
sampling characteristics of the BrainMap database, which may intro-
duce database-related biases.

Finally, the present findings cannot fully dissociate inhibitory regu-
lation from related processes such as salience detection, attentional
engagement, task-set maintenance, threat-expectancy updating, and
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broader cognitive control. Therefore, the observed convergence should
be interpreted as evidence for partially overlapping regulatory systems
rather than as a direct marker of inhibition-specific mechanisms.
Caution is also warranted when generalizing these findings to clinical
populations, as only healthy adults were included. Future work inte-
grating neuroimaging with behavioral, physiological, and computa-
tional measures in both healthy and clinical samples will be needed to
determine when these overlapping regulatory systems specifically sup-
port inhibitory regulation and when they reflect broader regulatory or
learning processes.

6. Conclusions

The present ALE and MACM meta-analysis suggests that memory
suppression and fear extinction recruit partially overlapping control-
and attention-related neural systems, particularly bilateral IFG/anterior
insula and right IPL. These regions were embedded within broader
executive-control and attention-related coactivation networks, sug-
gesting that both paradigms may draw on domain-general control and
attentional processes when individuals suppress unwanted memories or
regulate responses to previously threat-associated cues. At the same
time, the findings preserve important distinctions between the two
processes: memory suppression primarily involves deliberate control of
episodic retrieval, whereas fear extinction additionally depends on
threat-safety updating, contextual modulation, and emotional regula-
tion. Together, these results help bridge research on memory control and
fear extinction by identifying partially overlapping regulatory systems
while highlighting the need for future neuroimaging, behavioral, and
physiological studies to clarify how control-related processes contribute
to the attenuation of unwanted memories and conditioned fear
responses.
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