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with salience network dynamics during naturalistic emotional

stimulation

Talia Brandman

Talma Hendler @ '%3>6

"™ Yaki Stern', Guy Gurevitch 23, Tal Harmelech', Gal Shoval**, Oded Kraft', Aron Tendler®’ and

© The Author(s), under exclusive licence to Springer Nature Limited 2025, modified publication 2025

The amygdala-derived EEG-fMRI pattern (Amyg-EFP) is an EEG model of fMRI amygdala activity with demonstrated therapeutic
implications in neurofeedback interventions aimed at emotion regulation. Yet, its distributed neural correlates and potential
relevance for emotional processing, independent of active modulation by neurofeedback, remain unexplored. This study aimed to
characterize the distributed brain activations captured by the Amyg-EFP during passive processing of naturalistic emotional stimuli.
Using simultaneous EEG-fMRI during stimulation with emotional movie and music excerpts in 71 healthy participants, we examined
the spatiotemporal coupling between the Amyg-EFP and fMRI activations across the brain. We further measured the correlation of
the Amyg-EFP with individual emotional reactivity ratings of the movie stimuli. Results revealed a correspondence between Amyg-
EFP signal modulation and salience-network dynamics, tracking the anterior insula, dorsal anterior cingulate cortex, and salience-
coactivated amygdala subregions. This association was specific to the Amyg-EFP, as a control EFP derived from the ventral striatum
showed a different coupling pattern. In addition, the Amyg-EFP, but not the control EFP, was associated with emotional reactivity
ratings of movie stimuli. Together, these findings tie localized amygdala activity captured by the Amyg-EFP, with broader salience-
network dynamics and with individual reactivity, during the processing of emotional stimuli. Thereby, this study highlights the
relevance of the Amyg-EFP for emotional reactivity, and its potential as a target in brain-based interventions for psychiatric

disorders characterized by emotional dysregulation.
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INTRODUCTION

Psychiatric disorders have traditionally been diagnosed based on
clinical observations of symptoms and signs, an approach limited
in its ability to capture underlying neurobiological mechanisms [1].
The Research Domain Criteria (RDoC) initiative proposes a shift
towards characterizing psychopathology along dimensional con-
structs grounded in neural circuits and processes [2-4]. This
approach aims to uncover transdiagnostic neural markers that
could inform interventions that target mental processes, driving
the pursuit of neuroanatomically precise and functionally valid
biomarkers [5-9]. Emotion regulation, a crucial process for
maintaining mental health, represents one such dimensional
construct [10]. Emotion regulation refers to the ability to modulate
the intensity, duration, and expression of emotional responses in a
context-appropriate manner. Disturbances in emotion regulation
are transdiagnostic, underlying various psychiatric disorders,
including depression, anxiety, and post-traumatic stress disorder
(PTSD) [11, 12]. Previous evidence implies a distributed network of
brain regions that may be involved in processes of emotion
regulation, including the amygdala, insula, ventromedial and
ventrolateral prefrontal cortices [13, 14]. Furthermore, following

treatment, improved emotion regulation skills are not only
reflected in behavioral and clinical measures, but can also be
detected through neural measures, such as amygdala activity and
amygdala-prefrontal connectivity [13-15]. For example, improved
emotion regulation was associated with larger differences in
amygdala response to negative versus neutral images [13], and
with larger inverse amygdala-prefrontal connectivity during
cognitive appraisal [14].

One way to therapeutically target brain processes related to
emotion regulation, including the amygdala, is Neurofeedback
(NF), a self-neuromodulation procedure in which individuals learn
how to regulate their own brain activity in a certain direction
[16, 17]. NF training is based on continuous measurement of brain
activity from an assigned target, leading to contingent quantita-
tive feedback about its modulation relative to a baseline, given to
the trainee through an interactive feedback interface [18]. The
efficacy of NF for treating a specific mental dysfunction depends
on its accordance with a relevant neural target associated with an
underlying mental process [9]. Given the established association
of the amygdala with emotional reactivity and regulation
[12, 19, 20], it could be considered a highly relevant structure
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for NF targeting of these processes. Studies using functional
magnetic resonance imaging (fMRI) have demonstrated the
feasibility and utility of amygdala-targeted NF, by showing that
individuals can learn to self-regulate their amygdala activity to
alleviate clinical symptoms of PTSD, anxiety or depression [17, 18].
However, for NF to be widely used, it must satisfy not only the
requirement for neuroanatomical precision and process-relevance
of the neural target, but also provide measurement scalability,
which poses a challenge for fMRI-based NF. A scalable alternative
is EEG, but it is inferior to fMRI in its neuroanatomical precision
due to its lower spatial resolution and more so for activation of
deeply located nuclei such as the amygdala.

Recent advances in multimodal neuroimaging and computa-
tional methodologies have enabled the development of precise
neural-signal models that capture core neurocognitive processes
underlying psychopathology, intended to guide translational
psychiatry [21]. Along these lines, the EEG-fMRI Pattern (EFP; also
known as the Electrical FingerPrint) approach uses computational
modeling to combine the precision and scalability of two separate
modalities, in order to offer an effective solution for NF therapy
[22-24]. Specifically, the EFP is an EEG model trained on
simultaneously acquired EEG and fMRI data to predict the fMRI
activation of a specific brain region or network, which can then be
applied to new individuals without the need for MRI scanning. By
analytically linking scalp-recorded EEG signals to simultaneously
acquired localized fMRI activity, the EFP method utilizes the
scalability of EEG, while achieving higher neuroanatomical
precision and functional validity relative to traditional EEG
sampling methods used in NF [24, 25]. Utilizing this approach to
target the amygdala, an EEG model was trained to predict
amygdala fMRI activation, resulting in the amygdala-derived EEG-
fMRI pattern (Amyg-EFP) [23, 25], shown to correlate with
amygdala blood-oxygen-level-dependent (BOLD) activity in new
datasets [22, 26].

In several clinical trials, repeated sessions of Amyg-EFP NF have
been found to alleviate symptoms in disorders characterized by
emotional dysregulation, particularly PTSD [27, 28], as well as
Fibromyalgia [29], Premenstrual Dysphoric Disorder [30], and adult
ADHD [31]. In addition, previous work from our group demon-
strated that NF training down-regulation of the Amyg-EFP
improved neural and behavioral measures affected by emotion
regulation, more so than traditional whole-brain EEG NF methods
[24, 32]. Specifically, in post-training fMRI, repeated sessions of
Amyg-EFP NF had improved capacity for self-neuromodulation of
the amygdala [24] and reduced amygdala reactivity to negative
emotional stimuli [28]. Behaviorally, the training improved
emotion regulation indices in an emotional stroop task [24], and
in self-reports of alexithymia [22]. These findings support the
usefulness of the Amyg-EFP as a target for NF interventions aimed
at emotion regulation. Yet, our understanding of the Amyg-EFP
signal itself is limited by the scarcity of studies examining its
distributed neural correlates independent of active NF.

To date, it has been realized that successful down modulation
of the Amygdala during fMRI-NF corresponds to a distributed
network of activation beyond the target [32]. However, it is
unclear whether such additional network recruitment is part of the
NF learning process (e.g. a general regulation-task network), or
related to the actual recruitment of the target. We therefore asked
whether, during naturalistic emotional stimulation, the Amyg-EFP
signal corresponds with emotional reactivity and with brain
activation related to emotional reactivity within or beyond the
amygdala. To address these questions, in the current study we
examined the distributed fMRI representation of simultaneously
acquired Amyg-EFP signal during audiovisual emotional stimula-
tion, as well as the correspondence between the Amyg-EFP and
participants’ emotional ratings of the same stimuli. By characteriz-
ing the distributed neural correlates of the Amyg-EFP, this study
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aimed to enhance our understanding of the neurobiological basis
of this fMRI-guided EEG model of amygdala activity and its
relevance for neurocognitive processes of emotional reactivity.

We used simultaneous EEG-fMRI and data driven analytics to
examine the spatiotemporal coupling between the Amyg-EFP
signal and whole-brain fMRI BOLD activations during emotional
stimulation with video clips, movie scenes and music excerpts.
These naturalistic stimuli were aimed to induce emotional
processing in a manner that fluctuates as in real-life events, thus
also naturally engaging processes of emotional reactivity and
regulation. Though we did not directly measure emotion
regulation modulation, we assessed emotional reactivity to the
movie stimuli, as a subprocess of emotion regulation [20]. A
behavioral emotional rating task, performed immediately follow-
ing scanning, provided a psychological proxy of individual
emotional reactivity while viewing the stimuli. To further examine
the neuroanatomical specificity of the Amyg-EFP signal, we
compared the whole brain fMRI correlates of the Amyg-EFP to
those of a control EFP model derived from ventral striatum activity
(termed here VS-EFP). This was tested in two independent groups
of participants to assess replicability of data-driven neuroimaging
findings.

MATERIALS AND METHODS

Ethics statement

Study protocol and all related procedures were approved by Tel-Aviv
Sourasky Medical Center Institutional Review Board prior study initiation
(7_0030-23, 02/03/2023; 7_0239-23, 01/08/2023). Per 21 CFR 812.28(b)(7),
the study was performed in compliance with the requirements of the
Ethical Committees (EC). Per 21 CFR 812.3(t), the EC that reviewed the
study was responsible for ensuring the protection of the rights, safety, and
well-being of subjects involved. The study was performed in accordance
with the declaration of Helsinki and was conducted in agreement with
International Conference on Harmonization (ICH) guidelines on Good
Clinical Practice (GCP). All subjects provided written informed consent prior
to being screened. The informed consent documents met the require-
ments of 21 CFR 50.20 and contained the information required by 21 CFR
50.25(a), and 21 CFR 50.25(b). The EC confirmed and approved the
informed consent document.

Participants

Thirty-six participants (19 male, age 18-60, M =31.8, SD=11.0) were
included in the test group of the main study. The replication group
included 35 participants (15 male, age 19-59, M =30.2, SD = 8.9), as part
of a separate ongoing study (no subject overlap), from which we obtained
the earliest available data. The sample size of each group was chosen to
exceed our previous work validating the Amyg-EFP within pre-defined
brain regions [24], in order to allow enough power to correct for multiple
comparisons in voxel-wise whole brain analyses. All participants were
healthy individuals with no pre-existing medical conditions and with
normal or corrected-to-normal vision and hearing, who had passed the
standard screening requirements for MRI scanning. Main additional
exclusion criteria included past neurological or psychological clinical
diagnosis, as well as major brain injury, or current enrollment in a
therapeutic clinical study.

Stimuli
Three types of naturalistic stimuli were used to probe a range of emotional
responses.

Emotional video clips. We selected short video clips from the
alancowen.com database of emotionally-tagged videos [33]. The database
includes 2185 short videos, ranging between 1-15 s long, which had been
rated on 27 different kinds of emotion. Three categories of emotional clips
were extracted from the database, including videos rated high on fear
(Fear condition), high on joy (Joy condition), or low on all core emotions
(Neutral condition).

Emotional movie scenes. Two movie excerpts were selected: (1) The
farewell scene from the movie Stepmom (Columbus, 1998), portraying a
terminally-ill mother discussing her future departure with her children. This
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Fig. 1 Schematic illustration of the current study design and analysis. Concurrent EEG-fMRI was acquired during naturalistic audiovisual
stimulation, including emotion-tagged (fear, joy or neutral) video clips, emotional movie scenes and a classical musical piece. The fMRI signals
were preprocessed to yield the voxel-wise BOLD time-course. The EEG signals were processed and weighted with existing EFP model
coefficients [25] to yield the EFP time-course. To examine the relationship between BOLD and EFP we performed a GLM analysis using linear
regression over the entire task time-course, as well as a sliding-window correlation analysis.

scene was chosen for its strong evocative induction as previously
demonstrated in limbic reactivity [34]. (2) A narrated scene of snakes
chasing after an iguana, extracted from the nature documentary Planet
Earth Il (BBC, 2016), characterized by high intensity and suspense.

Musical piece. A 7-min piano track from the soundtrack the movie The
Hours, by Phillip Glass, previously tested for limbic reactivity [35].

Procedure

Concurrent EEG-fMRI data were acquired while participants underwent
naturalistic emotional stimulation tasks, as illustrated schematically in
Fig. 1. Participants arrived at Tel Aviv Sourasky Medical Center and after
filling out the consent form and related questionnaires were fitted with the
EEG cap, followed by a short presentation with instructions for fMRI
participation and tasks. Inside the MRI scanner, participants underwent
anatomical and functional scans. Three passive stimulation tasks were used
for the current study: (1) viewing emotional video clips, (2) viewing
emotional scenes from movies, (3) listening to classical music. Additional
scan data including a reward task unrelated to the current research
objectives were not analyzed here.

Emotional video clips. The video clips were presented in separate
condition blocks. The Neutral clips were split into two blocks of 55 sec
each, whereas Joy and Fear each consisted of one block of 110 sec. Each
block presented the clips consecutively with 1-sec intervals (fixation
screen) between clips. Each run began with a 5sec fixation screen,
followed by the four stimulation blocks with 15sec fixation screen
between each pair of blocks (total 380 sec). The task was run twice, with
different block orders. Each clip was presented one time per run.

Movie scenes. The two audiovisual scenes were presented in a single
run, beginning with 5-sec fixation screen, followed by the Stepmom scene
for 501 sec, 20 sec fixation interval, Snakes scene for 321 sec, ending with
20 sec fixation screen (total 867 sec).

Musical piece. The Glass piece was presented in a single run, beginning
with 5-sec fixation screen, followed by 423 sec of music and ending with
20 sec fixation screen (total 448 sec).

fMRI acquisition

Structural and functional MRI scans were performed in a 3T Siemens
MAGNETOM Prisma scanner (Siemens, Erlangen, Germany) with a 20-
channel head coil. Anatomical scans consisted of 3D T1-weighted MPRAGE
sequences with a 0.9 mm iso-voxel to provide high-resolution structural
images (repetition time (TR) / echo time (TE) =1980/2.62 ms, flip angle
(FA) = 8°, field of view (FOV) =224 x 224 mm).

Functional scans were acquired using a T2*-weighted multiband
accelerated EPI pulse sequence provided by Center for Magnetic
Resonance Research (CMRR), with a single band reference image for
better registration to the anatomical scan [36] (TR/TE= 1500/34.2 ms,
FA=74° voxel size = 22 mm3, FOV=220 x 220 mm, 57 slices per
volume, multiband (MB) factor = 3). A total of 299 volumes were acquired
for the music listening run, 578 volumes for the movie run and 254
volumes for each of the emotional clips runs.

Additionally, reverse phase encoding spin echo image pairs were
acquired to correct susceptibility distortions in the functional images [37]
(TR/TE = 8000/66 ms, FA=190°, voxel size = 2.2 mm3, FOV=220 x
220 mm).
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fMRI preprocessing

Data were preprocessed using fMRIPrep FMRIPrep22.0.0, [38], including
slice-time correction, spatial realignment, motion correction (using the
‘mcflirt’ module of FSL), co-registration and artifact correction. Data were
transformed into MNI space, spatially smoothed with a 6 mm Kernel, and
corrected for motion artifacts automatically using independent component
analysis (ICA-AROMA). Anatomical data were segmented, and the resulting
gray-matter probabilistic map was used to determine the mask for whole-
brain analyses. See Supplementary Methods for a full description of
functional data preprocessing procedure given in the fMRIPrep output.

EEG acquisition

EEG data were acquired using two battery-operated MR-compatible EEG
amplifier (Brainamp MR Plus, Brain Products GmBH, Gliching, Germany)
and the BrainCap electrode cap with sintered Ag/AgCl ring electrodes,
providing 63 EEG channels and 1 electrocardiogram (ECG) channel
positioned according to the 10-10 coordinate system. Each channel’s
raw signal was amplified and sampled at 5 kHz and was online referenced
to a fronto-central position (AFz). Data were recorded using the Brain
Vision Recorder software (Brain Products GmbH, Gliching, Germany).

EEG preprocessing

EEG scanner related artifacts were removed in several steps. First, an
adaptive average artifact subtraction method (AAS [39],) implemented in
Brain Products Analyzer Software (Version 2.2, Brain Products GmbH) was
used and data were downsampled to 250 Hz. Next, data were bandpass
filtered with a 4th order zero phase shift butterworth filter between
0.75-70 Hz. Cardiac R-peaks in the ECG signal were detected semi-
automatically. Each r-peak was visually verified and, when necessary,
manually adjusted to correct both false-positive and false-negative
detections. Next, adaptive template subtraction [40] was used to remove
BCG artifacts time-locked to the r-peak of the QRS complex. A 4 Hz wide
notch filter centered at 33 Hz was further applied to account for a periodic
scanner-related noise in that frequency. Finally, independent component
analysis (ICA) was used to identify and discard eye-movement related
components, according to a visual inspection of both the spatial
topography and time-frequency content of each IC.

EFP calculation

The Amyg-EFP and VS-EFP signals were calculated offline using a statistical
model previously developed to enable the prediction of localized activity
in the amygdala and ventral Striatum BOLD. The two models’ basic
features are the Time-Frequency decomposition of the EEG in certain time
windows (As in Meir-Hasson et al. [23, 25]). This was originally
accomplished by applying machine learning algorithms on EEG data
acquired simultaneously with fMRI and validated on an external dataset (As
in [24].

For the Amyg-EFP, a 12-seconds long raw EEG segment of Pz electrode
referenced to FCz electrode was notch-filtered for 50 Hz line interference,
and then converted to a time-frequency representation using the
Stockwell-transform. The time-frequency representation was binned to %
second, and the frequency domain was reduced to 10 frequencies. Each
resulting time-frequency bin was then multiplied by a predefined weight
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and summed to a final estimate of the Amygdala BOLD signal [23, 25]. The
VS-EFP was calculated by adapting the procedure used for Amyg-EFP
calculation and the VS-EFP presented in a previous study [41].

Generalized linear model analysis (GLM)

Whole-brain first and second-level GLM were performed using the Nilearn
toolbox [42]. Signals were detrended, high-passed at 0.001 Hz and
demeaned across time for each voxel, and masked using the individual
probabilistic gray-matter map (in MNI space). Linear regression was
performed for each subject along the full time-courses of each task,
between the BOLD signal and the EFP regressor, separately for each EFP.
The resulting whole-brain effect-size maps (one per task) were statistically
tested at group level (single-sample t-test, 2-tails), and corrected for
multiple comparisons using the false discovery rate (FDR) among all voxels,
and among amygdala voxels as defined by AAL3 atlas [43] (Fig. 2A). In
addition, to compare between the regression effects of the two types of
EFP (Amyg-EFP and VS-EFP), the effect size maps of each participant were
contrasted, and the difference statistically tested at group level (paired-
samples t-test, 2-tails), with FDR correction across all voxels.

Individual region-of-interest (ROI) fMRI selection

Within the amygdala we selected two groups of voxels based on the
strength of their association with a salience network seed, during the Fear
block of the first run of the Emotional Clips. For each participant, we
measured the correlation between each voxel of the amygdala (as defined
by the AAL3 atlas; [43]) and the mean response (across voxels) of a seed
region (4-mm radius) in the right anterior insula (MNI coordinates: 36, 18, 4)
intended to probe salience-network related activity [44]. This resulted in a
Pearson correlation coefficient for each voxel of the amygdala, for each
participant. Based on these scores, a salience-related amygdala cluster was
defined as voxels whose correlation coefficients were above the 85th
percentile, and at least above 0.2. A non-salience amygdala cluster was
defined as voxels whose correlation coefficients were below the 15th
percentile, and at least below 0.2.

Nonparametric testing of correlation coefficients

To examine the correspondence between Amyg-EFP signal fluctuations
and BOLD fluctuations in the amygdala at the individual subject level, we
tested their correlation dynamics within each of the functionally-defined
amygdala subregions described above. To test whether a participant’s
amygdala subregion was correlated with the Amyg-EFP beyond chance,
we compared the distribution (across voxels) of real correlations with a
simulated null distribution, calculated as follows.

Pearson correlations were computed between the Amyg-EFP time-
course and the BOLD signal of each voxel in the RO, along a sliding time-
window of 10, 20, 30, 40, or 50 repetitions (TR), in 1-TR steps (e.g. window
1: 1-10, window 2: 2-11, ...). For each voxel, the resulting correlation
coefficients were averaged across windows. This yielded the real-
correlation distribution (separately for each window size) of size n, where
n is the number of voxels in the ROI.

To obtain the null distribution, windows of the EFP time-course were
shuffled, but not the repetitions within windows (e.g., window 1: 53-62,
window 2: 4-13, ...). Correlations were then computed using the same
steps as for the real distribution. This permutation procedure was repeated
100 times to obtain a null distribution of the size 100 x n, where n is the
number of voxels in the ROL

Chance level was determined for each individual ROl by the 95th
percentile of its null distribution. Thus, a single subject’s ROI-to-EFP
correlation was considered above-chance if the median of the real
distribution was higher than the 95th percentile of the null.

For presentation purposes, we multiplied the real distribution frequen-
cies by 100 to match the number of null frequencies, such that they can be
displayed side by side.

Behavioral rating of emotional movie scenes

To measure natural fluctuations in emotional response, we asked
participants to rate the two movie scenes presented in the movie task,
while viewing them a second time outside the scanner. Of the total 71
fMRI-EEG participants, 61 completed the rating task. Participants were
asked to refer to the emotional experience of their first viewing (inside the
scanner), and rate it continuously throughout the timeline of the movie
task on a subjective emotional reaction scale (“How does it make you feel”)
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from 1-very negative to 7-very positive (4- no emotional reaction).
Emotional ratings were centered to 0, converted to absolute emotional
reactivity (i.e., absolute distance from neutral) and averaged across the
timeline of each of the movie scenes. For each participant we then
calculated the difference in emotional reactivity score between the two
movies (Snakes scene minus Farewell scene, see Stimuli). Pearson
correlations were calculated across subjects between the magnitudes of
difference in movie ratings and the magnitudes of difference in EFP
response (mean amplitude across time) to the two movies.

RESULTS

Amygdala and whole-brain fMRI activity associated with
Amyg-EFP modulation

To unveil the activation network associated with the Amyg-EFP
modulation during emotional stimulation, we performed a linear
regression of the BOLD signal to the simultaneously acquired
Amyg-EFP time-course. This analysis aimed to test our primary
hypothesis that the Amyg-EFP would correspond to a brain
network involved in emotion processing.

First, we examined the right amygdala, which was used for the
original Amyg-EFP modeling [25] and defined here by the AAL3
atlas [43]. As expected, voxels within the right amygdala exhibited
above-chance coupling (p < 0.05, FDR-corrected) with the Amyg-
EFP signal. This was consistently observed across all three
naturalistic tasks (video clips, movie scenes and music) in both
the test group (n=36) and an independent replication sample
(n = 35) (Fig. 2A).

Second, a whole-brain fMRI analysis revealed a network of
regions significantly associated (p <0.05, FDR-corrected) with
Amyg-EFP signal fluctuations, across all three tasks (Fig. 2B). This
revealed a distributed associated network further examined in the
following analyses.

Differential network activations associated with Amyg-EFP
and VS-EFP modulation

To assess the neuroanatomical specificity of distributed fMRI
activity (i.e. network) associated with Amyg-EFP modulation
during emotional stimulation, we compared the regression effect
for Amyg-EFP with the regression effect for the control EFP
informed by fMRI activity in the ventral striatum (VS-EFP). We
focused on the movie scene task for this analysis due to its rich,
naturalistic content and longer duration, which provides the
optimal sensitivity range to track activity fluctuations of various
brain networks at once. This allowed for a direct comparison
between the Amyg-EFP and the VS-EFP, which both responded
dynamically to the movie stimuli.

Two distinct networks emerged when overlaying statistically
significant voxels corresponding to each of the EFPs (p < 0.05, FDR
corrected), from both participant groups (Fig. 3A). When directly
contrasting the regression effects, voxels displaying significantly
higher effect sizes for the Amyg-EFP relative to the VS-EFP were
concentrated in salience network regions, especially the insula
and dorsal anterior cingulate cortex (dACC), as well as in sensory
cortices (Fig. 3B; Amyg-EFP > VS-EFP, p <0.025, FDR corrected).
Extraction of the mean effect sizes illustrates the stronger coupling
between the Amyg-EFP and core salience network nodes
compared to the VS-EFP (Amyg-EFP: mean 3 = 0.19, VS-EFP: mean
3 =0.01)(Fig. 3C). Notably, a different activation map emerged
when contrasting the VS-EFP over the Amyg-EFP (Supplementary
Figure S1; VS-EFP > Amyg-EFP, p < 0.025, FDR corrected).

Amyg-EFP correlations with amygdala subregions defined
individually by salience coactivation

To further characterize the differential sensitivity of the Amyg-EFP
to salience-related activity within the amygdala, we defined two
functional amygdala subregions individually for each participant
(see 4 different examples in Fig. 4A). Functional ROI selection
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Movie (rep.)

Fig.2 BOLD activation coupled with Amyg-EFP signal fluctuations. Results of linear regression of voxel-wise BOLD to Amyg-EFP time-course
in each of the tasks, displaying above-chance voxels (P < 0.05, FDR corrected) (A) within the right amygdala (dashed outline) and (B) across the
brain, displayed on inflated template brain image. Replication data denoted ‘rep"

within the amygdala was based on coactivation with a salience
network seed during fear-tagged video clips (task condition
selected to maximize salience signal to noise ratio). A “salience-
related” amygdala cluster was defined by high seed coactivation
(correlation above 85th percentile and R>0.2) and a “non-
salience” cluster was defined by low seed coactivation (correlation
below 15th percentile and R<0.2).

To examine each participant’s correspondence between Amyg-
EFP and salience-related amygdala dynamics, we performed a
nonparametric test of the correlation distribution within each of
the predefined clusters. We used the movie scene data for this
analysis due to its longer duration than the fear clips (used for ROI
selection) and content variability, providing a dynamic response
range required for reliable estimates of the correlations. The real
distribution of sliding-window correlations between Amyg-EFP
and BOLD time-courses was compared to a shuffled-windows null
distribution. Results using a sliding window of 30-TR (45 sec)
revealed a higher rate of above-chance correlations with the
Amyg-EFP in the salience-related amygdala cluster than in the
non-salience cluster (Fig. 4B). Specifically, in the salience-related
cluster, 86% of participants (69% in the replication sample)
exhibited above-chance correlations (median of real > 95th
percentile of null) with the Amyg-EFP. By contrast, in the non-
salience amygdala cluster, 51% of participants (43% in the
replication sample) exhibited above-chance correlations with the
Amyg-EFP. This pattern was consistently observed across different
sliding-window sizes, ranging between 10 and 50 TR (Fig. 4C).
These results demonstrate increased specificity of Amyg-EFP for
salience-related subregions within the amygdala.

Amyg-EFP correlation with individual emotional reactivity
indices

To test the difference in individual reactivity to each of the two
movie scenes (Snakes and Farewell) we examined the behavioral
response to each movie scene in emotional intensity ratings
collected outside the scanner. Henceforth, we will use the term
emotional reactivity to refer to this measure. We used a reactivity
index (see Methods) to capture variability in absolute range of
emotional response rather than the valence of negative or positive
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value, based on previously demonstrated amygdala sensitivity to
emotional reactivity (rather than valence) [45].

Results revealed a significant difference in emotional reactivity
index between the two scenes across subjects (T=2.28,
P=0.026), with higher reactivity to the Snakes scene than
Farewell scene. This nicely mirrored the difference in Amyg-EFP
activation amplitude between the two corresponding movie
scenes (T =3.44, P =0.001), also showing higher response during
the Snakes scene. Emotional reactivity was correlated with Amyg-
EFP activation amplitude across subjects (R=0.26, P=0.04),
showing that the difference in Amyg-EFP signal response when
viewing the two movie scenes, was associated with the difference
in subjective emotional reactivity to these same scenes (Supple-
mentary Figure S2). By contrast, the VS-EFP did not show a
difference in activation amplitude between the two movie scenes
(T=0.33, P=0.744) nor was it correlated with the emotional
reactivity difference (R=—0.11, P=0.379).

DISCUSSION

The present study provides novel insights into the distributed
neural correlates of the Amyg-EFP, during naturalistic emotional
processing. We found that the Amyg-EFP signal modulation
corresponds to a distributed network of fMRI activations beyond
the amygdala (Fig. 2). The consistency of this pattern across three
types of naturalistic emotional stimuli suggests a robust relation-
ship between Amyg-EFP and this fMRI activation pattern.
Particularly, the Amyg-EFP corresponded to sensory network
activations and key nodes of the salience network (Fig. 3), known
to be involved in emotional reactivity and modulation; two
necessary subprocesses in emotion regulation [20]. Importantly,
we show that salience network coupling was specific to the Amyg-
EFP, whereas a control EFP derived from the ventral striatum was
associated with a different activation topography. In addition, our
results replicate previous studies validating the association of the
Amyg-EFP with activations within the amygdala itself [22, 24, 25],
and extend them by showing that subregions of the amygdala
that are more functionally connected with salience network
activity, are also more highly correlated with Amyg-EFP
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Fig.3 Whole-brain activations coupled with Amyg-EFP compared to VS-EFP signals. Results of linear regression of voxel-wise BOLD to EFP
time-course for the Amyg-EFP and VS-EFP during passive viewing of movie scenes. (A) Above-chance voxels (P<0.05, FDR corrected)
associated with the Amyg-EFP (orange) and VS-EFP (blue), overlayed on an inflated brain template image. (B) Voxels showing significantly
higher (P < 0.05, FDR corrected) GLM effect sizes for regression to the Amyg-EFP than to the VS-EFP were observed mainly in salience-network
regions (black outline) and sensory (visual, auditory, somato-motor) regions (dotted outline), as defined by Schaefer et al., (2018) [65]. (C) Mean
effect size in major nodes of the salience network [65], for regression to the Amyg-EFP (orange) and to the VS-EFP (blue), presented as
mean = SEM across subjects. Replication data presented in the second column, denoted ‘rep’

modulation during emotional stimulation (Fig. 4). Although in the
current study we did not measure emotion regulation processes
directly, the association of the Amyg-EFP with individual
emotional ratings indicates its relevance for emotional reactivity,
a necessary subprocess in emotion regulation [20]. Together,
these findings suggest that Amyg-EFP modulation during
naturalistic emotional stimulation corresponds to salience-
network dynamics within the amygdala and beyond. Thereby,
these findings extend our view of the neural correlates of Amyg-
EFP, from its established amygdala correspondence to a broader
network-level functionality.

The salience network, primarily comprised of the bilateral
anterior insula and dACC (and adjacent pre-supplementary motor
area), plays a crucial role in detecting salient stimuli and
coordinating appropriate responses to these stimuli [44, 46]. The
anterior insula in particular is thought to integrate interoceptive
information associated with emotional salience to generate
subjective feeling states [47]. The dACC is involved in conflict
processing that may trigger top-down regulatory processes [48]. In
the context of emotion regulation, the salience network as a
whole facilitates the detection of emotionally salient information
(i.e. reactivity) and may initiate regulatory processes by engaging
other networks such as the central executive network (i.e.
modulation) [49]. Though the current study did not directly
measure emotion regulation abilities, the correspondence
between Amyg-EFP amplitude and emotional reactivity ratings
of the movie stimuli, indicates the relevance of Amyg-EFP signal
modulation in the current data to emotional reactivity processing.
Given the importance of the salience network in emotion
regulation, the coupling of Amyg-EFP with salience-network
related processing further highlights the relevance of Amyg-EFP
for emotion reactivity.

SPRINGER NATURE

Within the theoretical framework of emotion-regulation sys-
tems, the Amyg-EFP’s association with the salience network
suggests that it may capture emotional reactivity and its
corresponding neural circuits as a subprocess of emotion
regulation [20, 50]. Specifically, the emotion regulation model
proposed by Etkin et al. [20] stipulates that the amygdala, insula
and dACC are all critically involved in emotional reactivity and
participate in implicit processes such as salience detection and
attention allocation. Supporting this idea, recent evidence shows
that when viewing negative emotional images, the amygdala
exerts an excitatory influence on salience network regions, while
the periaqueductal gray provides inhibitory modulation on both
the salience network and the amygdala [51]. This demonstrates
the amygdala’s role in facilitating emotional reactivity to affective
cues within the context of a complex regulation circuit. Here, the
Amyg-EFP’s association with emotional ratings, the salience
network and the amygdala, indicates its relevance to this implicit
regulation mechanism. Notably, a similar circuit involving the
amygdala and salience network regions was previously hypothe-
sized to explain successful self-neuromodulation during neuro-
feedback [17], thus future studies using an active regulation task
should examine the Amyg-EFP also in the context of explicit
regulation mechanisms [19].

In addition to the main findings, our study revealed a
segregation within the amygdala region, with distinct subregions
showing differential coactivation with the salience network. This
observation aligns with Gothard’s work [52] on multidimensional
processing in the amygdala, which emphasizes the diverse
functional roles of amygdala subregions. It suggested that
neurons in the amygdala integrate social, sensory, and emotional
information into overlapping multidimensional representations,
from which salience arises as contextually-relevant features
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Fig. 4 Nonparametric testing of the correlation distribution within functional amygdala clusters. Voxel-wise correlations between right-
amygdala BOLD and Amyg-EFP signals (during passive movie viewing) were calculated along a sliding window of the run time-course and
averaged across windows. To generate the null distribution the same procedure was repeated 100 times with shuffled data. (A) Results
obtained from four example participants. Left panel presents coronal anatomical views of the right amygdala (dotted outline), highlighting
functional salience-related (orange) and non-salience (blue) clusters, defined individually by high or low coactivation with a salience network
seed in a separate task. The middle and right panels present the null correlation distribution (gray) and real correlation distribution (x100 for
visualization) in the salience-related amygdala cluster (orange) and non-salience amygdala cluster (blue), per participant. Colored dashed lines
denote the median of the real distribution, and gray dashed lines denote the 95th percentile of the null distribution (chance level). Above-
chance participants were determined by a real-distribution median higher than the 95™ percentile of the null distribution. (B) Percentage of
above-chance participants (as defined above) in each functional amygdala subregion, in the test group (left) and replication (right), for
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amygdala subregions for sliding-window sizes ranging between 10 and 50 TR.

highlighted across inputs. The functional amygdala cluster
we found to be connected to the salience network activity may
be involved in processing various types of salient affective
information, such as threat indicators, facial and vocal expressions,
learned contextual cues, etc. This aligns with the amygdala’s
known role in integrating multi-modal affective information and
its involvement in salience processing [52], which is consistent
with the use of naturalistic multi-modal stimulation in this
study. This segregation highlights the complex and nuanced role
of the amygdala in emotional processing and its interaction with
large-scale brain networks that are known to be involved in
emotional processing.

The clinical relevance of our findings is underscored by
mounting research implicating dysfunction of the amygdala and
salience network as a shared neural substrate underlying emotion
dysregulation across a range of psychiatric disorders (i.e. trans-
diagnostically) [53-58]. Importantly, alterations in amygdala and
salience network activity have been linked to anxiety and stress-
related disorders such as PTSD [56, 58]. In schizophrenia [52, 53],
salience network regions exhibited hypo-activation during rest but
hyper-activation in response to irrelevant stimuli [59, 60]. Inter-
estingly, aberrant salience processing has also been proposed as a
key mechanism in chronic somatic conditions characterized by
emotion dysregulation, such as chronic pain in fibromyalgia [61].
Recent evidence suggests that similar mechanisms may be at play
in other somatic conditions known as psychosomatic, like irritable
bowel syndrome, where altered functional connectivity within the
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salience network has been observed [62]. While the specific
clinical manifestations differ, these findings suggest potential
common neural substrates, particularly the amygdala and salience
network, which could be targeted therapeutically across mental
and psychosomatic disorders by Amyg-EFP NF, as already
demonstrated for some of these disorders [22, 27, 29]. Notably,
given that some psychiatric conditions are characterized by
blunted rather than heightened reactivity (e.g., anhedonia in
depression; [63]), they may theoretically benefit from upregulation
rather than downregulation training previously tested in disorders
with hyperreactivity (e.g., PTSD; [64]).

By tracking amygdala dynamics embedded in the salience-
emotion circuitry, the Amyg-EFP may act as a proxy for
amygdala activity associated with emotional reactivity in psycho-
pathology [9, 22, 32]. This has important implications for NF
interventions, particularly in the context of process-guided NF,
inspired by RDoC [1] as proposed by Lubianiker et al. [9]. By
this idea, in order to address the underlying mechanism of
a psychiatric disorder, NF should target a specific mental
process by training to self-modulate its associated neural
system. This approach is suggested to lead to more precise
and personalized interventions [3]. Accordingly, Amyg-EFP NF
can be conceptualized as a process-guided NF approach
targeting emotional reactivity and its associated neural
network, as has been proposed for amygdala-guided NF in
general [17]. Indeed, recent work by Zopfs et al. [26] has
explored potential relationships between the Amyg-EFP and
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various neural systems within the RDoC framework, under active
fMRI-NF in a patient cohort that had partially been trained in
Amyg-EFP NF. They found associations between Amyg-EFP and
fMRI activation in the amygdala, dACC and sensory networks, as
also seen here in healthy individuals when reacting to emotional
stimuli. The current study extends our understanding of Amyg-EFP
neural correlates by characterizing its associated network of
brain activation, independent of activations induced by
self-neuromodulation processes during NF [19, 53]. Ultimately,
the Amyg-EFP could be relevant to both emotional modulation
and emotional reactivity, based on its association with NF training
during active modulation in previous work [22, 32], and with
salience-network activity during naturalistic emotional stimulation
found here.

We acknowledge that alternative approaches exist for devel-
oping neural measures of emotional processing. For example,
decoded neurofeedback approaches use machine learning
to extract task-specific patterns from brain activity, potentially
offering more direct cognitive specificity [17]. Alternatively,
behavioral marker calibration approaches validate neural mea-
sures against well-characterized behavioral tasks that isolate
specific cognitive processes [19]. While these approaches offer
advantages in terms of process specificity, our fMRI-informed
approach provides unique insights into neuroanatomically
defined correlates of an EEG signature that has already demon-
strated therapeutic utility in multiple clinical populations. The
current network-level understanding helps bridge the gap
between scalable EEG measurement and the complex neural
circuits underlying emotional processing. This was achieved
by using naturalistic emotional stimulation along with the
measurement of individual emotional reactivity, indicating
the relevance of Amyg-EFP for this subprocess of emotion
regulation. This is important for guiding future studies that will
examine the neural changes associated with clinical effects of
Amyg-EFP NF.

Finally, while providing valuable insights, a few limitations of
the current study point towards potential future directions. First,
we examined Amyg-EFP coupling during passive processing of
naturalistic emotional stimuli, and the correlational nature of our
findings precludes direct inferences about causal relationships
between the Amyg-EFP modulation and engagement of emotion
regulation processes. Future approaches employing active emo-
tion regulation tasks, NF or prospective assessments before and
after self-neuromodulation could help elucidate the directionality
of the observed relationships, to provide more direct insights
distinguishing between implicit and explicit regulation processes
affecting the Amyg-EFP signal. Second, without preregistration,
our focus on a specific task (particularly the movie scenes) for EFP
comparisons may be viewed as an analytical limitation, though
partially alleviated by the replication of these effects in the second
group. Finally, the current work was performed on healthy
participants, limiting generalizability. To enhance the clinical
validity of our findings future studies should employ similar
analyses on mixed data obtained from clinical and healthy
populations.

In conclusion, this study presents the first comprehensive
investigation of the distributed neural correlates of the Amyg-EFP
model during naturalistic emotional stimulation. Particularly, our
findings reveal that Amyg-EFP neural correlates extend beyond
the amygdala, to the salience network at large, while at the same
time highlighting the specificity of Amyg-EFP to salience-related
activity within the amygdala itself. The correlation of the Amyg-
EFP with individual emotional reactivity provides a cognitive
context for understanding the functional relevance of these
findings for emotional processing. Together, these findings tie
amygdala activity captured by the Amyg-EFP during emotional
processing, with broader network dynamics that might also be
relevant for aspects of emotion regulation, particularly emotional
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reactivity. The demonstrated neural correlates of the Amyg-EFP,
together with its clinical utility in NF, open new avenues for
developing and refining scalable yet precise brain-based inter-
ventions for disorders of emotional dysregulation. Moreover, it
highlights the potential of the EFP approach for translating
neuroimaging insights into brain-based interventions, represent-
ing an important step towards realizing the promise of precision
psychiatry.
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