
Or‑Borichev et al. BMC Medicine          (2025) 23:304  
https://doi.org/10.1186/s12916-025-04138-3

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

BMC Medicine

Targeted limbic self‑neuromodulation 
for alleviating central sensitization symptoms 
in fibromyalgia
Ayelet Or‑Borichev1,3*†, Yulia Lerner1,2,3†, Yael Hamrani1, Guy Gurevitch1,3, Netali Mor1,3, Maayan Doron1,4, 
Noam Sarna4, Jacob N. Ablin3,5, Talma Hendler1,2,3,4 and Haggai Sharon1,2,3,6 

Abstract 

Background  Fibromyalgia (FM), involving somatic, cognitive, and affective domains is often regarded as a hallmark 
central sensitization syndrome. Despite limited current therapeutic options, emerging understanding of its neural 
underpinnings offers the potential of applying novel neuromodulation strategies. Specifically, limbic dysregulation 
underlying abnormalities in pain modulation and somatic-affective processing, has been shown to play a key role 
in FM. Here, we assessed the long-term efficacy of targeted limbic self-neuromodulation for improving clinical disease 
burden in FM.

Methods  Forty-seven patients with FM participated in a double-blind, randomized, dual-control study employ-
ing a novel specialized neurofeedback probe representing amygdala activity. Patients underwent 10 sessions 
of either genuine neurofeedback training (NFT = 21), or sham neurofeedback training (NFS = 13), or treatment 
as usual (TAU = 13). Disease severity and symptom burden were assessed using the Symptom Severity Score (SSS), 
along with other questionnaires administered before and after treatment. A clinical follow-up was performed 
10–12 months post-intervention.

Results  NFT led to a significant immediate and long-term reduction in the SSS (F(2,40) = 7.32, p = 0.00, ηp2 = 0.27) 
and the Fibromyalgia Impact Questionnaire (FIQ) (F(2,40) = 9.85, p = 0.00, ηp2 = 0.33), alongside multidomain short- 
and long-term clinical benefits. NFS resulted in a long-term reduction in pain but did not affect other disease meas-
ures or overall disease burden. The TAU group showed no clinical improvements.

Conclusions  Our findings support the intimate involvement of limbic brain areas in the pathophysiology of FM 
and suggest that targeted neuromodulation offers a novel, mechanism-based approach for managing multidomain 
symptoms in FM.

Trial registration  This study was preregistered with the National Institutes of Health (NIH). Registration number: 
NCT02146495. Name of trial registry: Targeted Limbic Self-modulation as a Potential Treatment for Patients Suffering 
From Fibromyalgia https://​clini​caltr​ials.​gov/​study/​NCT02​146495.
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Background
Fibromyalgia (FM) is a chronic pain syndrome affecting 
approximately 2–4% of the general population, char-
acterized by widespread pain and a range of constitu-
tional, affective, cognitive, and somatic symptoms [1, 2]. 
The core neural mechanism underlying FM is associated 
with central sensitization (CS), a pathological state of 
the central nervous system that heightens reactivity to 
minor or even subthreshold nociceptive inputs, leading 
to pain hypersensitivity [3]. Beyond pain amplification, 
CS is associated with network-level brain abnormali-
ties, particularly within the limbic system [4, 5], which 
plays a critical role in regulating the cognitive and affec-
tive dimensions of pain perception and processing [6, 7]. 
This neural hyperactivity extends beyond pain pathways, 
contributing to the broad and diverse range of symptoms 
commonly observed in FM, such as fatigue, insomnia, 
emotional dysregulation, cognitive impairments, and 
oversensitivity to chemical and environmental stimuli [7].

Extensive neuroscientific evidence supports the classi-
fication of FM as a brain-based disorder involving abnor-
mal pain processing, altered neurotransmitter levels, and 
dysfunctional neural connectivity [8, 9]. However, the 
precise pathogenesis of FM remains largely unknown, 
limiting the development of targeted, mechanism-based 
treatments. As a result, existing therapeutic approaches, 
including pharmacological interventions and non-inva-
sive techniques such as transcranial magnetic stimulation 
(TMS) and transcutaneous electrical nerve stimulation 
(TENS), primarily focus on alleviating chronic pain. 
While TMS and TENS have shown promising results in 
pain reduction with minimal chronic side effects [10–
13], these treatments remain pain-centered rather than 
mechanism-driven, overlooking the broader spectrum of 
FM symptoms, including cognitive dysfunction, fatigue, 
and affective disturbances.

To address the need for a robust integrative model of 
FM pathogenesis, a recent theoretical framework [14] 
suggests that FM arises from an imbalance in affect regu-
lation systems, which imprints a negative bias on incom-
ing stimuli. This dysregulation results in hyperactivation 
of the salience network, potentially triggering pathologi-
cal responses in other neural networks and processes. 
This model highlights abnormalities in emotion regu-
lation as a pivotal element in the pathological cascade 
leading to pain chronification and other FM symptoms. 
Accordingly, targeting emotion regulation processes and 
brain structures such as the limbic system [15, 16], rather 
than solely focusing on nociception pathways, may offer 
a promising brain-guided therapeutic approach for FM.

A growing body of evidence implicates functional 
abnormalities in limbic structures, particularly the 
amygdala, in the key processes underlying FM. These 

processes include pain modulation [17, 18], the transition 
from acute to widespread chronic pain [19, 20, 8], and 
the regulation of somatic-affective homeostasis, such as 
sleep and emotional processing [21, 22], all of which are 
disrupted in FM. Substantial evidence links the amygdala 
to FM neuropathology, with studies reporting reductions 
in gray matter volume [23, 24], as well as altered amyg-
dala activity [25, 26] and connectivity [27–29]. The amyg-
dala’s role in FM is further reinforced by its inclusion in 
a validated neurophysiological signature of the disorder, 
particularly in response to pain-related neural patterns 
[30]. This cumulative evidence identifies the amygdala as 
a promising therapeutic target for FM. Accordingly, this 
study aims to implement a brain-guided therapy designed 
to modulate amygdala activity in individuals with FM.

One way to noninvasively target brain dysregulation is 
through neurofeedback (NF), a form of brain-computer 
interface that utilizes closed-loop reinforced self-neu-
romodulation (SNM), guided by neural functional rep-
resentations primarily depicted by fMRI or EEG [31]. 
Accumulating evidence suggests that significant neu-
ral modulation achieved through NF can lead to corre-
sponding mental and behavioral changes, bridging the 
gap between brain function, mental state, and behavior 
[31]. However, while fMRI-NF is anatomically accurate 
[32], it is costly and not widely accessible, limiting its 
scalability for clinical practice [31]. On the other hand, 
EEG-based NF, while more scalable, has primarily tar-
geted nonspecific brain probes such as sensorimotor 
rhythm (SMR), alpha, beta, or theta waves [33, 34]. This 
approach has shown moderate effectiveness in alleviating 
FM symptoms [35, 36].

We have previously developed and validated a unique 
fMRI-informed EEG computational model of amygdala 
activity known as the Electrical Finger-Print (Amyg-
EFP) [37, 38]. This approach combines the high neuro-
anatomical precision of fMRI with the scalability of EEG 
[39, 38]. A previous small-scale clinical trial in FM [40] 
demonstrated that training with this probe resulted in 
immediate improvement in sleep measures, followed by 
subsequent improvements in pain scores. However, pain, 
while a prominent symptom, is not the sole feature of FM 
and does not necessarily reflect the overall severity or 
burden of the disease. Moreover, because the limbic sys-
tem is implicated in several key symptoms of FM, it may 
modify disease severity across various symptom clusters. 
Furthermore, nonspecific effects of NF training could 
confound the true effects of targeted therapy.

To address these gaps, the current study employed 
amygdala EFP-NF training in patients with FM using 
a double-blind, dual-controlled procedure. Both a no-
training control group and a sham-NF control group were 
implemented to account for transient clinical and neural 
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changes, as well as non-specific effects [31, 41]. The pri-
mary endpoint was overall disease severity, as measured 
by the FM Symptom Severity Score (SSS) [42]. By utiliz-
ing limbic-focused NF, we aimed to target the core neural 
dysregulations underlying FM [14] to alleviate its broad 
symptom spectrum. Accordingly, we selected the SSS as 
the outcome measure, as it captures the full severity of 
FM symptoms, extending beyond pain to provide a com-
prehensive representation of disease burden. We also 
collected subjective assessments of pain, fatigue, affect 
dysregulation, and cognitive difficulties using validated 
questionnaires. In addition, we evaluated the capacity of 
patients with FM to downregulate the Amyg-EFP signal 
through NF training. Clinical evaluations were conducted 
before the intervention, immediately post-intervention, 
and at a 10–12 month follow-up.

We hypothesized that the NFT group would show a 
more significant linear reduction in the Amyg-EFP signal 
and a greater overall downregulation of the signal across 
NF sessions. Furthermore, we expected that the NFT 
group would develop independent self-neuromodulation 
capabilities (i.e., successful modulation without feed-
back). Finally, we anticipated that successful regulation of 
the Amyg-EFP signal would correlate with reduced dis-
ease severity at long-term follow-up.

Methods
The study design and results are presented in accordance 
with best practice guidelines. Additionally, the CRED-nf 
checklist [43] is available in the Supplementary Material 
(see Additional File 1). The checklist details key meth-
odological parameters, including participant characteris-
tics, NF protocol specifications (e.g., target brain regions, 
signal processing methods, and training paradigms), con-
trol conditions, outcome measures, statistical analyses, 
and reporting transparency.

Participants
Patients were recruited from the FM clinic at the Insti-
tute of Rheumatology and the Institute of Pain Medicine 
at Tel Aviv Sourasky Medical Center (TASMC). FM diag-
nosis was established according to the American College 
of Rheumatology (ACR) 2010 criteria [44] by a board-
certified rheumatologist or pain specialist. Eligible par-
ticipants were Hebrew-speaking adults (ages 18–55) of 
both genders, experiencing pain levels of 5 or higher on a 
10-point scale at least three days a week, with or without 
medical treatment. Exclusion criteria included the pres-
ence of other chronic pain conditions, major neuropsy-
chiatric disorders, or changes in pharmacotherapy within 
two months prior to recruitment, as well as any planned 
modifications to treatment during the study period. The 
study was approved by the Institutional Ethical Review 

Board, and all participants provided written informed 
consent before enrollment.

General procedure
Participants were divided into three groups: (1) a genuine 
NF treatment (NFT) group, (2) a placebo-control group 
receiving sham NF (NFS) based on artificially gener-
ated, irrelevant EFP signals, and (3) a treatment-as-usual 
(TAU) control group with no intervention. Sample size 
estimation was informed by previously published find-
ings from Goldway et al. [40], which demonstrated long-
term clinical improvements in FM-related symptoms, 
including emotional (d = 0.79), sleep (d = 1.05), and pain 
indices (d = 1.10). To estimate the overall FM disease 
burden, a composite effect size was calculated by averag-
ing these values, yielding a mean effect size of d = 0.98. 
A formal a priori power analysis was conducted using 
G*Power v3.1.9.2 for a one-way ANOVA design, with 
α = 0.05 and power (1–β) = 0.80, indicating that a mini-
mum of 14 participants per group would be sufficient 
to detect a statistically reliable effect. Participants were 
randomly assigned in a blinded manner using a 2:1:1 allo-
cation ratio, favoring the NFT group to ensure adequate 
power for treatment efficacy analysis. The target sample 
included 28 participants in the NFT group and 14 each 
in the NFS and TAU control groups. Fifty-seven partici-
pants were screened and randomized in a blinded man-
ner (NFT: n = 28; NFS: n = 15; TAU: n = 14). Blinding was 
maintained using custom in-house software and was only 
lifted following completion of data acquisition. The over-
all attrition rate was 17.5%, resulting in a final sample 
of 47 participants for analysis (NFT: n = 21; NFS: n = 13; 
TAU: n = 13).

Both NF intervention groups (NFT and NFS) com-
pleted a ten-session training course, conducted two to 
three times per week. Clinical outcomes were meas-
ured using validated clinical questionnaires (see Clinical 
Assessment section below) at three time points: base-
line (pre-test), immediately after the intervention (post-
test), and 10–12 months following the completion of 
NF training (follow-up). The TAU group continued with 
their standard treatment regimen as prescribed by their 
pain specialists, without any additional training or inter-
vention. They underwent the same clinical evaluations 
as the NFT and NFS groups, assessed at baseline, after 
approximately 2–3 months (to match the NF interven-
tion timeline), and again 10–12 months after the second 
evaluation (follow-up).

Amyg‑EFP‑NF training protocol
Patients were trained to modulate their Amyg-EFP signal 
using a 3D audio-visual animated interface that provided 
real-time feedback. This virtual scenario, simulating a 
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hospital waiting room, featured animated characters that 
displayed agitation or relaxation in response to changes 
in the EFP signal amplitude [45]. For the sham group, 
feedback was generated from a randomized artificial sig-
nal, calibrated to yield an approximate 52% success rate 
per session. This approach was designed to avoid exces-
sively rewarding experiences [40] while minimizing frus-
tration [46].

Each NF cycle included three phases: a Watch/baseline 
period (60 s), a Regulate period (120 s), and a Washout 
period (30 s) (see Fig. 1B). In the Watch/baseline phase, 
participants passively observed and listened to the feed-
back interface, which maintained at a constant 75% 
unrest level (determined by the sound volume and the 
number of agitated avatars). During the Regulate phase, 
patients were instructed to identify and implement a 
mental strategy to reduce the scenario’s unrest level. Par-
ticipants could choose any mental strategy [40, 47], ena-
bling them to actively explore techniques that effectively 
modulated the target signal. After each NF run, patients 
reported the mental strategy they had used. In the Wash-
out phase, participants were presented with a sequence 
of three-digit numbers and were asked to mentally count 
the occurrences of identical digits within each block. 
Each NF run included two complete cycles of these three 
conditions, lasting a total of 7 min. An EFP-NF session 
consisted of four NF runs (Fig. 1B). At the beginning of 
each session, a 2-min resting-state EEG recording was 
obtained. At the end of each session, a 2-min transfer run 
was conducted, during which patients re-applied their 
most effective strategy while viewing a black screen in a 
feedback-free environment (Fig.  1B). For more detailed 
information, refer to Additional File 2.

Clinical assessment
Our primary outcome measure was overall disease bur-
den, assessed using the SSS [42]. To capture the diverse 
manifestations of FM, we also utilized the following 
scales and subscales: the Fibromyalgia Impact Ques-
tionnaire (FIQ) [48] to evaluate disease burden, and 
the Widespread Pain Index (WPI) [42] to quantify pain 

distribution. Chronic fatigue was measured using the 
FIQ-fatigue sub-score, while anxiety symptoms were 
assessed using the Trait Anxiety Inventory (STAI-T) [49]. 
Cognitive symptoms were evaluated with the SSS-cogni-
tive sub-score (SSS-Cog) [42].

Statistical analyses
To ensure the validity of our statistical models, we first 
confirmed that there were no pre-existing differences 
between groups across all clinical indices.

To assess clinical efficacy within each group, we applied 
repeated-measures ANOVA with measurement time 
points (pre, post, and FU) as a within-subject variable. 
To test differences between groups, we employed a linear 
mixed-models analysis. The model included a between-
subjects fixed Group factor (NFT, NFS, and TAU), a 
covariate for measurement time point (MTP; pre, post, 
and follow-up), and clinical self-report scores as the 
dependent variable. Planned contrasts were conducted 
to compare the genuine NF group against each control 
group (NFT vs. NFS and NFT vs. TAU) at different inter-
vals (post–pre and follow-up-pre).

All statistical analyses were performed using IBM 
SPSS, version 23, Statistica version 12 (StatSoft, Inc), and 
MATLAB 2017b. All reported p-values are two-tailed. 
Assumptions of sphericity were tested using Box’s test 
for equality of covariance matrices and Levene’s test for 
equality of variances. Where sphericity assumptions were 
violated, corrected statistics and p-values were used.

To control for confounding factors, we compared satis-
faction levels and mental strategy use between the NFT 
and NFS training groups. The Additional Files 2 + 3 pro-
vide detailed information on these analyses.

Results
Participants
Attrition rates were 17.5% (10 patients). In total, 
47 patients were included in the final analyses 
(age = 35.72 ± 10.18, 39 females, 82% retention, see 
Table 1). Forty-three patients participated in the follow-
up evaluation, with four opting out for personal reasons 

(See figure on next page.)
Fig. 1  Experimental Design. A Patients underwent a clinical assessment by a certified specialist and were then randomly assigned to either a 
treatment-as-usual (TAU) group or an NF intervention group (NFT or NFS). A "Pre-NF" assessment, including clinical evaluations, was conducted, 
followed by ten sessions of Amyg-EFP-NF training, performed 2–3 times per week. A "Post-NF" assessment, identical to the baseline evaluation, 
was conducted within 1–2 weeks after the NF course. The entire intervention process lasted 8–10 weeks. The TAU group underwent similar 
assessments at the beginning and end of a 2–3 month period. A follow-up clinical assessment was conducted 10–12 months later. B NF 
training protocol: Patients underwent a brief clinical evaluation at the beginning and end of each session. Each session started with a 2-min 
EEG resting-state recording. Training involved down-regulating the Amyg-EFP signal using a 3D animated scenario of a virtual waiting room 
that changed based on EFP signal amplitude. Each NF cycle included: Watch (60 s), Regulate (120 s), and Washout (30 s). Each NF cycle included 
these conditions, repeated twice in each 7-min NF run. The EFP-NF session comprised four NF runs, followed by a 2-min transfer run where patients 
applied their most effective strategy without feedback
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Fig. 1  (See legend on previous page.)
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(N at follow-up: NFT = 18, NFS = 13, TAU = 12; refer to 
Fig. 1A).

Group baseline characteristics were compared using 
a chi-square or Kruskal–Wallis test for categorical vari-
ables, and an ANOVA F-test for continuous variables. No 
significant differences were noted in demographic, clini-
cal, or pharmacological baseline characteristics.

Amyg‑EFP‑NF clinical outcome
Overall FM disease burden—symptom severity scale
The NFT group showed a significant immediate and 
long-term improvement in overall disease severity 
(F(2,40) = 7.32, p = 0.00, ηp2 = 0.27). Specifically, the post-
treatment vs. pre-treatment difference was significant 
(mean difference = −1.19 ± 0.32, p = 0.00, ηp2 = 0.41, 95% 
CI: −1.86 to −0.52), and the FU vs. pre-treatment differ-
ence was also significant (mean difference = −1.78 ± 0.53, 
p = 0.00, ηp2 = 0.36, 95% CI: −2.90 to −0.67; see Table 2), 
consistent with our hypothesis. The NFT group exhib-
ited a 19 percent overall improvement, while no clinical 
improvement was found in either the NFS or TAU con-
trol groups at any time point (see Table  2 and Fig.  2A). 
The mixed-model analysis using the SSS as the dependent 
variable showed a significant group-by-time interaction 
effect (F(2,91) = 3.36, p = 0.039). Planned contrasts revealed 
no significant difference between the NFT group and the 
control groups immediately post-intervention. However, 
in line with our hypothesis, genuine NF training resulted 
in significantly greater long-term improvements, with the 
NFT group showing a significant improvement compared 
to the NFS (mean difference = −1.55 ± 0.75, t(44) = −2.08, 

p = 0.04, 95% CI: −3.06 to −0.04) and TAU (mean differ-
ence = −1.48 ± 0.75, t(44) = −1.98, p = 0.05, 95% CI: −2.99 
to −0.03) groups (see Table 2 and Fig. 3A).

Auxiliary questionnaires and secondary measures
FIQ—The NFT group showed a significant reduction 
of 17 percent in the FIQ-final score immediately after 
the intervention, with a further reduction of 22 per-
cent at follow-up (F(2,40) = 9.85, p = 0.00, ηp2 = 0.33). 
The post vs. pre difference was significant (mean differ-
ence = −11.42 ± 2.91, p = 0.00, ηp2 = 0.43, 95% CI: −17.50 
to −5.34), as was the FU vs. pre difference (mean differ-
ence = −14.79 ± 3.87, p = 0.00, ηp2 = 0.42, 95% CI: −22.87 
to −6.71) (see Table 2). The NFS group also exhibited an 
immediate improvement of 19 percent, but this effect 
did not persist in the long term, and, in fact, symptoms 
worsened over time. No immediate or long-term clini-
cal effects were observed in the TAU group (see Table 2 
and Fig.  2B). The linear mixed-model analysis revealed 
a significant interaction between Group (NFT, NFS, and 
TAU) and measurement time points (MTP: pre, post, 
and FU), indicating a more substantial reduction in the 
NFT group. Planned contrasts further confirmed that the 
NFT group demonstrated greater immediate and long-
term improvement compared to the TAU group, but not 
when compared to the sham condition (see Table 2 and 
Fig. 3B).

WPI—No significant between-group differences 
were found, as indicated by the non-significant interac-
tion between Group and time-point. However, when 
assessed separately, the NFT group showed a significant 

Table 1  Baseline characteristics of the sample

FIQ Fibromyalgia Impact Questionnaire, STAI TTrait Anxiety Inventory, VAS Visual Analog Scale, WPI Widespread Pain Index

NF-Treatment (NFT)
M ± S.D

NF-Sham (NFS)
M ± S.D

Treatment-as-usual 
(TAU) M ± S.D

ANOVA
F Value

P Value

Demographics
  Gender 2 M 19F 5 M 8F 1 M 12F 0.057

  Age 35.76 ± 9.67 37.00 ± 10.09 34.38 ± 11.65 0.207 0.814

Baseline level of clinical characteristics
  Time from diagnosis (years) 7.52 ± 3.35 9.00 ± 5.74 7.07 ± 4.42 0.697 0.504

  General severity (FIQ) 8.09 ± 1.57 7.15 ± 1.46 7.00 ± 1.63 2.49 0.094

  General influence (FIQ) 8.61 ± 1.28 8.15 ± 1.51 7.92 ± 2.56 0.672 0.516

  Pain (VAS, WPI) 0.20 ± 0.67 −0.15 ± 0.57 −0.17 ± 0.97 1.380 0.262

  Affect (STAI-T) 48.29 ± 7.72 50.15 ± 8.75 51.38 ± 13.41 0.420 0.660

Pharmacological baseline level
  SSRI/SNRI (%) 17 12 22 0.111

  Gabapentinoids (%) 9 10 16 0.103

  Cannabis (%) 34 29 31 0.896

  Analgesics (%) 7 9 13 0.675

  Miscellaneous (%) 12 14 20 0.518
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immediate and long-term effect (23 percent reduction at 
follow-up). While the NFS group did not achieve imme-
diate improvement in widespread pain, long-term data 
indicated a 28 percent reduction. The TAU group showed 
no significant change at any time-point (see Table 2 and 
Fig.  2C). Planned contrasts indicated no significant dif-
ferences between the NFT group and the control groups, 
both immediately post-intervention and at long term (see 
Table 2 and Fig. 3C).

Fatigue index—The NFT group exhibited a significant 
long-term improvement of 19 percent in the fatigue 
index, whereas no immediate or long-term improve-
ments were found in either NFS or TAU groups (see 
Table  2 and Fig.  2D). The group-by-time-point inter-
action showed that both sham-NF and no-NF had no 
significant effect. Post-intervention analysis revealed 
a significantly greater immediate improvement in the 

NFT group compared to the TAU group, but not the 
sham group. As expected, the NFT group displayed sig-
nificant long-term improvements compared to both the 
NFS and TAU groups (Table 2 and Fig. 3D).

Anxiety symptoms—There was a significant immedi-
ate and long-term reduction in anxiety symptom in the 
NFT group, with a 14 percent improvement observed 
at follow-up. In contrast, the NFS group exhibited a 
significant immediate effect, but only a non-significant 
long-term improvement of 5 percent. The TAU group 
did not demonstrate significant immediate or long-
term effects (see Table  2 and Fig.  2E). However, the 
NFT group did not show a significant reduction in anx-
iety compared to the control groups, as indicated by the 
non-significant interaction between Group and time-
point and the planned contrast analysis (see Table  2 
and Fig. 3E).

Fig. 2  Feasibility, Immediate and Long-Term Effectivity of Amyg-EFP NF. Several statistical analyses were conducted to assess the immediate 
and long-term clinical efficacy for each clinical index (A-F). The clinical indices included: A symptom severity score (SSS), B FIQ-final score index, 
C widespread pain index (WPI), D subjective fatigue (FIQ-fatigue), E affective state (STAI-T), and (F) cognitive symptoms score (SSS-Cog). A linear 
mixed-model analysis was initially performed to examine the interaction between Group (NFT, NFS, TAU) and measurement time-points (MTP) 
(pre, post, follow-up), testing between-group differences in overall clinical efficacy. Post-hoc comparisons following ANOVA were then conducted 
for each group to evaluate immediate improvement (post vs. pre) and long-term effects (follow-up vs. pre). The percentage of symptom 
improvement over the long term was also calculated for each index and group. The NFT group demonstrated significant long-term effects across all 
indices. In contrast, the NFS group showed significant long-term effects only for the WPI score, while the TAU group showed none. Significant 
between-group effects were found for SSS, FIQ-final score, fatigue, and cognitive indices. See Table 2 for detailed results
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Cognitive symptoms—Separate ANOVA tests showed 
an immediate and long-term improvement for the NFT 
group with a 26 percent reduction at follow-up in the 
cognitive index sub-score (SSS-Cog) (see Table  2 and 
Fig.  2F). In contrast, neither the NFS nor the TAU 
groups showed significant changes in cognitive symp-
toms at any time point. Furthermore, NFT resulted in 
a greater improvement compared to the control groups 
(Fig.  2F), as indicated by a significant Group by time-
point interaction (see Table 2). While no immediate sig-
nificant differences were found between NFT and the 
control groups in the planned contrast analysis, there 
were significant long-term differences, as expected, 
with NFT demonstrating greater long-term improve-
ment in cognitive symptoms compared to both control 
groups (refer to Table 2 and Fig. 3F).

Prediction of long‑term symptoms severity reduction
We conducted multiple regression analyses to examine 
whether immediate improvements in FM-related symp-
toms—anxiety, fatigue, and pain (WPI)—could predict 
long-term reductions in FM symptom severity (SSS). 
This analysis was performed separately for the NFT and 
NFS groups to distinguish the effects of genuine ver-
sus sham NF training. The multiple regression analysis 
revealed that in the NFT group, immediate improvement 
in anxiety significantly predicted a long-term reduction 
in FM symptom severity (SSS) (B = 0.464, p = 0.034, 95% 
CI: 0.024 to 0.550). However, immediate improvements 
in fatigue (B = 0.01, p = 0.96), and WPI (B = 0.32, p = 0.11) 
did not significantly predict long-term improvements in 
FM symptoms. In contrast, for the NFS group, immedi-
ate improvement in WPI negatively predicted long-term 
reduction in SSS (B = −0.684, p = 0.010, 95% CI: −0.719 

Fig. 3  Long-Term Clinical Efficacy of Amyg-EFP-NF: Inter-Group Comparisons. A planned contrast analysis was conducted to compare the genuine 
NF group (NFT) with each control group (NFS and TAU) at long-term follow-up (FU-pre) across all clinical outcomes. A The NFT group showed 
greater improvement in symptom severity compared to both the NFS and TAU groups. B For the Fibromyalgia Impact Questionnaire (FIQ) final 
score, the NFT group demonstrated greater improvement than the TAU group, though the difference was not significant when compared 
to the NFS group. C No significant differences were found between groups regarding the Widespread Pain Index (WPI) score. D The NFT group 
showed greater improvement in the FIQ-fatigue score compared to both control groups. E There were no significant differences in the STAI-T scores 
between the groups. F Finally, the NFT group exhibited greater improvement in cognitive scores compared to both the NFS and TAU groups
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to −0.123). Furthermore, immediate improvements 
in fatigue (B = 0.234, p = 0.341) and anxiety (B = 0.047, 
p = 0.842) were not significant predictors of long-term 
symptom reduction in FM.

Self‑neuromodulation capacity
The self-neuromodulation effect was assessed by exam-
ining the changes in Amyg-EFP signal activity during 
the active regulation condition compared to the passive 
observation condition (referred to as "Regulate–Watch"). 
As anticipated, repeated measures ANOVA unveiled a 
significant main effect for the ’Condition’ variable (Reg-
ulate vs. Watch; F(1,32) = 27.10, p = 0.000, ηp2 = 0.46), 
confirming that both the NFT and NFS groups success-
fully downregulated the Amyg-EFP signal through NF 
training. However, no significant interaction between 
the ’Condition’ and ’Group’ variables was observed 
(F(1,32) = 0.216, p = 0.645), indicating that, in contrast to 
our initial hypothesis, both groups effectively achieved 
downregulation of the Amyg-EFP signal through NF 
training.

To evaluate sustainability of this acquired skill, we 
tested patients’ ability to volitionally regulate Amyg-
EFP in the absence of online feedback (i.e., the transfer 
run). A repeated measures ANOVA was conducted with 
the transfer score (Regulate vs. Baseline) as the depend-
ent variable, groups (NFT/NFS) as the between-subjects 
factor, and session number (10 sessions) as the within-
subjects factor. Contrary to expectations, no significant 
difference in generalization learning was found in the 
real-NF and sham-NF groups [Session X Group inter-
action F(1,32) = 0.607, p = 0.791, ηp2 = 0.019]. Both real 
and sham feedback led to successful generalization of 
the ability to downregulate Amyg-EFP independently 
of feedback [Mean transfer score across all NF sessions; 
NFT = −0.198 ± 0.235, t(20) = −3.76, p = 0.001, CI: −0.299 
to −0.082; NFS = −0.214 ± 0.148, t(12) = −5.21, p = 0.000, 
CI: −0.304 to −0.124]. An interesting finding emerged 
when examining the association between the average 
transfer score across sessions and the average modula-
tion score (Delta: Regulate-Watch). In the NFT group, 
a positive correlation was found between Amyg-EFP 
downregulation and transfer scores (r = 0.452, p = 0.040). 

This correlation was specific to the real-feedback group, 
as no significant relationship was found in the NFS group 
(r = −0.110, p = 0.721; see Fig. 4A).

Learning self‑neuromodulation through NF training
Our findings indicate that while both NF groups dem-
onstrated a significant ability to downregulate the 
Amyg-EFP signal within each session (i.e. modula-
tion effect), only the NFT group showed  improvement 
in the capacity to downregulate the Amyg-EFP across 
successive sessions (i.e. learning effect). This was evi-
denced in three ways. First, ANOVA analysis revealed 
a significant interaction between Condition and Ses-
sion (1–10 NF sessions) (F(7.80,288) = 2.155, p = 0.033, 
ηp2 = 0.063), which was primarily driven by the NFT 
group (F(9,180) = 1.976, p = 0.044, ηp2 = 0.090) but not by 
the NFS group (F(9,108) = 1.235, p = 0.282), indicating dif-
ferential learning trends between the groups. Next, a lin-
ear mixed model was employed, incorporating a random 
intercept and fixed effects of Session, Group, and Group 
x Session, with the latter being the primary effect of 
interest. We found a significant Session-by-Group inter-
action (F(1,84.34) = 5.39, p = 0.02, 95% CI: 0.0052 to 0.0683), 
favoring a reduction trend in the NFT group compared 
to the NFS group. Finally, a main effect for Session was 
observed only in the NFT group (NFT: F(1,84.08) = 14.29, 
p = 0.00; NFS: F(1,8449) = 0.02, p = 0.98), suggesting that the 
patients in the test group improved their performance 
over successive sessions. Indeed, as shown in Fig. 4B, the 
slope of the NFT group was significant (NFT slope esti-
mate = −0.0370 ± 0.01, p = 0.000), while the NFS group 
slope was not (NFS slope estimate = −0.00023 ± 0.012, 
p = 0.985).

The association between probe regulation and long‑term 
clinical improvement
A Pearson correlation analysis revealed that Amyg-EFP-
NF downregulation (average delta; Regulate-Watch) was 
positively associated with long-term improvements (i.e., 
FU vs. pre-intervention) in symptom severity (SSS) in the 
NFT group (r = 0.434, p = 0.049; Fig. 4C). Similar correla-
tions were found for cognitive dysfunction (NFT group: 
r = 0.436, p = 0.048; Fig.  4D) and anxiety (NFT group: 

Fig. 4  Different Dimensions of Amyg-EFP-NF Learning. A Association between Amyg-EFP NF capacity and generalization of Amyg-EFP 
downregulation learning: A positive correlation was observed exclusively in the NFT group, linking average transfer scores (across all sessions) 
with the average Amyg-EFP downregulation score (Regulate vs. Watch). B Global learning success: A mixed linear model analysis of Amyg-EFP 
NF learning trajectory showed a significant Session by Group interaction effect (F(1,84.34) = 5.39, p = 0.02, 95% CI: 0.0052 to: 0.0683). This result 
indicated a linear trend in NF learning favoring the NFT group compared to the NFS group. The association between Amyg-EFP-NF downregulation 
and long-term clinical improvement. A Pearson correlation analysis revealed that successful Amyg-EFP downregulation (average delta; 
Regulate-Watch) was assosiated with long-term reductions (FU-pre-intervention) in (C) symptom severity (SSS), D cognitive dysfunction, and (E) 
emotional dysregulation (STAI-T). These correlations were specific to the genuine Amyg-EFP group and were not observed in the NF-sham group

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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r = 0.433, p = 0.05; Fig. 4E). However, no significant corre-
lations were observed with the FIQ-final score (r = 0.339, 
p = 0.132) or FIQ-fatigue (r = 0.363, p = 0.106). Due to 
the modest sample size, we refrained from correcting for 
multiple comparisons. Importantly, these associations 
were not observed in the sham group (NFS group; SSS: 
r = 0.108, p = 0.726; Cognitive dysfunction: r = −0.132, 
p = 0.668; Anxiety: r = −0.219, p = 0.473; Fig. 4C-E).

Methodological validations
To prevent any bias resulting from potential frustration, 
we examined satisfaction levels within the NF training 
groups (NFT and NFS). As expected, both NF groups 
reported high satisfaction levels with their participation, 
with no significant differences between the groups (Addi-
tional File 3: Table S1 presents all relevant values for the 
t-tests). Furthermore, to ensure that the observed clini-
cal and brain changes were not merely due to the mental 
strategies employed during NF training, we verified that 
there were no significant differences in strategy prefer-
ences between the groups (see Additional File 3: Figure 
S1 and Table S2). Interestingly, the results indicated that 
patients in both groups tended to prefer mental strategies 
characterized by detachment from the interface, com-
bined with traits of low arousal and positive valence.

Discussion
The goal of the current study was to evaluate both the 
clinical and neural effects of a NF treatment employing 
a disease-relevant, fMRI-informed EEG probe, the amyg-
dala-EFP, in patients with FM. To this end, we collected 
clinical, narrative, and electrophysiological data before 
and after ten sessions of genuine NF, sham NF, or a no-
intervention group. This approach allowed us to examine 
time-related effects (via the TAU group) and non-specific 
intervention effects (via the NFS group) (Figs.  2, and  3 
and Table 2).

Our results revealed that only the NFT group experi-
enced prolonged and robust clinical improvements across 
an extensive range of FM-related symptoms, spanning 
somatosensory, affective, and cognitive domains. These 
improvements were reflected in a significant reduction 
in overall disease severity, as assessed by the SSS. In con-
trast, the NFS group did not exhibit sustained clinical 
improvements, with the exception for improvement in 
long-term reported widespread pain. The TAU group dis-
played no immediate or long-term clinical benefits.

The clinical benefits observed in the genuine NF group 
were distinct from the effects of the sham intervention 
in two critical aspects. First, the clinical effects in the 
NFT group were not only sustained but also enhanced 
over time (one-year follow-up) across all assessed FM 
symptoms (Fig.  2 and Table  2). This is in contrast to 

the transient benefits seen in the sham group, with the 
exception for subjective pain scores. The phenomenon 
observed in our study, where clinical effects following 
real NF training persist and even intensify over time, 
while most benefits from sham learning are temporary, 
aligns with findings from other NF studies, including 
those on various brain pathologies [40, 50, 51]. Thus, 
comparing the clinical effects between real and sham 
NF at long-term follow-up provides a clearer distinc-
tion between target process effects and the non-specific 
effects of sham NF.

Secondly, and more importantly, the clinical benefits 
observed in the genuine NF group extended beyond 
affective-nociceptive indices to encompass a broad range 
of cognitive functions, constitutional symptoms (fatigue), 
and overall disease severity (Figs. 2, and 3). This finding 
is significant not only within the internal control of this 
NF trial but also in comparison to conventional FM treat-
ments. Cognitive and fatigue-related impairments, which 
represent a major burden in FM, not only fail to improve 
with pharmacological treatments but often worsen due 
to medication-induced cognitive decline and increased 
fatigue [8, 52]. Despite being the standard therapeutic 
approach, pharmacological interventions provide symp-
tom-oriented rather than mechanism-driven relief, lead-
ing to only modest clinical effects and posing substantial 
risks of adverse side effects [53, 54]. Similarly, while 
non-invasive neuromodulation techniques such as TMS 
and TENS have demonstrated efficacy in reducing pain 
symptoms with minimal chronic side effects, their effects 
remain largely confined to the somatosensory domain, 
failing to address the broader cognitive and affective dys-
functions that contribute significantly to FM’s disease 
burden [10–13]. A key advantage of NF over existing 
treatment modalities is its ability to facilitate self-directed 
neuroplasticity. Unlike pharmacological treatments, TMS 
and TENS interventions, which rely on external stimula-
tion, NF enables patients to actively regulate their brain 
activity, fostering intrinsic, self-sustained learning and 
long-term neural adaptation within pathological circuits 
[31, 55, 41]. This capacity for endogenous modulation 
may underlie the sustained therapeutic effects observed 
in this and other NF studies [40, 50, 51].

Interestingly, the treatment-specific improvements 
observed in the NFT group, including enhancements 
across multiple FM-relevant domains and, crucially, 
in the total SSS, a key measure of overall disease bur-
den, were obtained despite no significant difference in 
long-term pain relief between the genuine and sham 
NF groups. Given that pain is a hallmark symptom of 
FM, this finding challenges the traditional focus on pain 
as the primary target for FM interventions. Instead, it 
suggests that other symptom dimensions are equally 
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critical in determining overall disease severity and should 
receive greater clinical attention. It may be more accurate 
to view pain within FM as a part of a network of inter-
related symptoms that influence one another [14, 56]. 
Supporting this perspective, Goldway et  al. [40] found 
that long-term pain relief in patients with FM  was pre-
dicted by immediate improvements in somatic-affective 
homeostasis metrics, such as sleep quality and affective 
state, following Amyg-EFP-NF training. This aligns with 
a growing body of evidence highlighting the reciprocal 
relationship between affective dysregulation, particu-
larly emotion regulation deficits, and the maintenance of 
chronic pain [57, 58]. This evidence further supports the 
theoretical framework proposed by Pinto et al.[14], which 
posits that affect-regulation dysfunction leads to persis-
tent activation of the brain’s salience network, which trig-
gers some of the basic biological mechanisms underlying 
FM symptoms, and in turn, feeds back into the negative 
imbalance of emotional regulation. According to this 
model, interventions targeting emotional regulation may 
yield benefits not only for affective symptoms but also for 
pain modulation and other FM-related impairments. Our 
findings provide empirical support for this framework in 
two key ways. First, the significant clinical improvements 
observed in the NFT group following NF training target-
ing the amygdala, a central node in emotional regulation, 
suggest that restoring balance in this system can disrupt 
the pathological cycle underlying FM’s broad symptoma-
tology. Notably, the correlation between NF success in 
the NFT group and long-term clinical benefits across 
multiple clinical domains (Fig. 4C-E) further strengthens 
the causal link between Amyg-EFP training and sustained 
symptom relief. Second, immediate reduction in anxiety, 
a key marker of emotional dysregulation, predicted long-
term improvements in FM symptoms, but only in the 
genuine NF group. This finding reinforces the hypothesis 
that affect-regulation dysfunction plays a fundamental 
role in FM pathophysiology. In contrast, immediate pain 
relief did not predict long-term improvement in overall 
disease severity in the NFT group and even negatively 
predicted long-term outcomes in the sham group. These 
findings further support the notion that pain in FM is not 
the central defining feature of the syndrome but rather a 
component of a complex interplay of interrelated symp-
toms [14, 56]. In conclusion, the observed multi-domain 
and sustainable clinical improvements achieved by tar-
geting affect-regulation processes highlight the signifi-
cant therapeutic potential of mechanism-driven therapies 
that address the specific pathogenesis of FM, as opposed 
to traditional symptom-oriented treatments.

Contrary to our expectations, both real and sham NF 
groups successfully downregulated their Amyg-EFP 
signal during NF training. However, two key findings 

indicate a distinct learning pattern in the NFT group. 
First, only the NFT group showed a significant linear 
progression in NF performance, indicating a progressing 
learning process (Fig. 4B) [59]. Second, a unique correla-
tion emerged exclusively in the NFT group between two 
critical measures of NF success – the ability to generalize 
NF learning (transfer score) and NF capacity (the differ-
ence between Regulate and Watch; Fig. 4A). These results 
imply that although both groups demonstrated short-
term modulation success, only genuine feedback estab-
lished a strong and lasting connection between these 
learning mechanisms.

This complex pattern may be explained by the role of 
the feedback interface in shaping the modulation learn-
ing process. Specifically, our paradigm was designed to 
establish an affective context conducive to emotional 
regulation [60]. Implementing this process-specific con-
textual interface likely provided implicit guidance for 
utilizing strategies relevant to emotional regulation (see 
Additional File 3: Figure S1 and Table  S2). This would 
also explain why clinical benefits in the NFS group were 
either absent or short-lived, as their improvements were 
sporadic and lacked the consolidation necessary for long-
term, context-independent learning, as seen in the NFT 
group.

This study has several limitations. First, replication 
in a larger, more gender-diverse sample with a broader 
age range is necessary to assess the reproducibility and 
generalizability of the observed clinical effects. Second, 
given the central role of emotional regulation in FM 
pathophysiology and the amygdala-targeted approach of 
this study, a key limitation is the reliance on anxiety as 
the sole measure of affect dysregulation. Future research 
should incorporate a broader range of assessments, 
including intrinsic (e.g., heart rate variability) and extrin-
sic emotion regulation measures, to provide a more com-
prehensive understanding of affective dysfunction in FM. 
Additionally, a methodological limitation of this study is 
the potential for an enhanced placebo effect due to the 
implicit induction of mental strategies tailored to emo-
tional regulation. When considering both desired and 
undesired effects, one must carefully navigate the deli-
cate trade-off between improving NF learning outcomes 
(see Additional File 3: Figure S2) and generating a robust 
placebo effect. To better delineate the mechanisms 
underlying NF learning, future studies should consider 
alternative control conditions that involve regulating a 
distinct brain target rather than sham-EFP feedback [41, 
61]. Specifically, an optimal NF control condition should 
differ from the Amyg-EFP NF group not only in anatomi-
cal locus but also in the targeted neural process [61]. This 
approach would help to dissociate between target-spe-
cific effects and general NF training effects [31, 62].
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Conclusions
This double-blind, randomized, double-controlled clin-
ical trial with long-term follow-up demonstrates that 
targeting neural circuits implicated in affective dysreg-
ulation, a core element in FM and central sensitization 
pathogenesis, can lead to broad and sustainable clinical 
improvements. Given its scalability, including poten-
tial home-based applications, this neuromodulation 
approach has the potential to transform current FM 
treatment, offering a viable alternative to pharmaco-
logical therapies that have shown only limited success. 
Furthermore, this method holds promise for broader 
application in other brain-based disorders conceptual-
ized as central sensitization syndromes, where affect-
regulation imbalances contribute to stress-induced 
symptom amplification beyond chronic pain.
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