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electroencephalographic effective
connectivity neurofeedback
treatment for fibromyalgia
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Fibromyalgia is a chronic pain condition contributing to significant disability worldwide. Neuroimaging
studies identify abnormal effective connectivity between cortical areas responsible for descending pain
modulation (pregenual anterior cingulate cortex, pgACC) and sensory components of pain experience
(primary somatosensory cortex, S1). Neurofeedback, a brain-computer interface technique, can
normalise dysfunctional brain activity, thereby improving pain and function. This study evaluates the
safety, feasibility, and acceptability of a novel electroencephalography-based neurofeedback training,
targeting effective alpha-band connectivity from the pgACC to S1 and exploring its effect on pain and
function. Participants with fibromyalgia (N =30; 15 = active, 15 = placebo) received 12 sessions of
neurofeedback. Feasibility and outcome measures of pain (Brief Pain Inventory) and function (Revised
Fibromyalgia Impact Questionnaire) were collected at baseline and immediately, ten-days, and one-
month post-intervention. Descriptive statistics demonstrate effective connectivity neurofeedback
training is feasible (recruitment rate: 6 participants per-month, mean adherence: 80.5%, dropout

rate: 20%), safe (no adverse events) and highly acceptable (average 8.0/10) treatment approach for
fibromyalgia. Active and placebo groups were comparable in their decrease in pain and functional
impact. Future fully powered clinical trial is warranted to test the efficacy of the effective connectivity
neurofeedback training in people with fibromyalgia with versus without chronic fatigue.
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Fibromyalgia is a chronic primary pain condition characterised by widespread musculoskeletal pain accompanied
by secondary symptoms including fatigue, and disturbances in cognition, sleep, mood and dysautonomial2.
Current treatments for pain associated with fibromyalgia employ a combination of non-pharmacological and
pharmacological therapies® such as anticonvulsants, antidepressants, weak opioids*®, and lifestyle changes®. The
high burden of disability in this population suggests that current treatments are inadequate”?.

Brain alterations have been demonstrated in people with fibromyalgia, in particular, heightened activity
in the salience network (amygdala, cingulate cortices, insula) and somatosensory cortex (S1)°. These changes
may be associated with chronic pain or other symptoms of fibromyalgia and have shown a predictive accuracy
of 93% in identifying fibromyalgia, indicating a distinctive brain signature that can be detected by artificial
intelligence!®. Consequently, fibromyalgia is a brain related disorder. Neuroimaging suggests a decreased
descending inhibition, with decreased activity of pregenual anterior cingulate cortex (pgACC)!!"1>. Testing
interventions targeting brain activity that drives symptoms associated with fibromyalgia is thus warranted.

Electroencephalography (EEG)-based neurofeedback utilises real time analysis of brain electrical activity,
enabling individuals to learn and modify their brain patterns through visual or auditory feedback aiming to
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influence defective pathways towards healthier states '®17. Traditional neurofeedback targets brain activity,
aiming to either increase or decrease the power in a particular frequency band. The most common target for
fibromyalgia is training the sensorimotor rhythm/theta ratio'®-2%. This has shown some promise, however the
heterogenous nature of research conducted in this field makes it difficult to draw definitive conclusions .

EEG technology has advanced to use source localisation, allowing neurofeedback protocols to target specific
areas of brain activity associated with pain processing. A recent study tested three different neurofeedback
protocols in individuals with chronic lower back pain 2. Training that increased activity of the pgACC was
found to be the most effective in improving pain outcomes. Furthermore, secondary analysis demonstrated
that individuals with a higher effective connectivity (EC) from pgACC to S1 at follow up had a more significant
decrease in pain intensity 2°. While functional connectivity of the brain refers to synchronous activity in two
given regions, EC applies a directionality to this, allowing us to infer the influence of one brain region on another
%7 Therefore, we propose a novel method of neurofeedback to train EC from the pgACC to S1. We particularly
selected the alpha band, as recent imaging studies have demonstrated alterations in alpha oscillations in
individuals with fibromyalgia in pain processing networks 28-30,

The objectives of this study were to explore the safety, feasibility, and acceptability of a novel EEG neurofeedback
training protocol, targeting EC from the pgACC to S1 in people with fibromyalgia. Additionally, we conducted
exploratory analyses to determine the estimates of change in pain, function, and EEG measures following the
intervention. This pilot study will inform the design of a future fully-powered randomised controlled trial.

Results
N=30 participants were enrolled and randomised equally into two groups (Fig. 1.) Table 1 presents descriptive
data for all participants at baseline, indicating both groups were comparable.

Feasibility
Recruitment: The total recruitment period was five months (April to August 2023), with the last follow up
completed and the trial stopped in October 2023 with attainment of the desired sample size (n =30) and all follow
ups completed. The average recruitment rate was six participants per month. The proportion of participants
recruited (30) from the total number screened (99) was 30%. The main reasons for exclusion were not meeting
the American College of Rheumatology (ACR) 2011 criteria and presence of one or more exclusion criteria.
Dropouts: Of the total participants enrolled and randomised, six participants discontinued treatment. Thus,
the dropout rate for the placebo group was 27% (4/15) and for the active group was 13% (2/15). The overall
dropout rate was 20%.
Treatment adherence and engagement: Mean session adherence excluding withdrawals was 100% in both
active and placebo groups. Mean session adherence including withdrawals was 77.6% in the placebo group and
84% in the active group. Overall, mean treatment adherence was 80.5%.
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Fig. 1. Flow of participants through the study phases. ITT =Intention to treat.

Scientific Reports |

(2025) 15:209 | https://doi.org/10.1038/s41598-024-83776-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Active (N=15) | Placebo (N=15) | P value
Age (years) (Mean + SD) 42.4 (17) 46.5 (13.8) 0.52
Gender
Male; n (%) 1(6.7) 1(6.7) NA
Female; n (%) 14 (93.3) 13 (86.7) NA
Non-Binary; n (%) 0(0) 1(6.7) NA
Ethnicity
NZ European; n (%) 15 (100) 12 (80) NA
Other (Hispanic (1), Nigerian (1), Scottish (1)); n (%) | 0 (0) 3(20) NA
Employment
Employed; n (%) 8 (53) 7 (46.7) NA
Unemployed; n (%) 2(13) 4(26.7) NA
Retired; n (%) 2(13) 1(6.7) NA
Looking after family; n (%) 1(6.7) 2(13) NA
Self-employed; n (%) 2(13) 0(0) NA
Studying; n (%) 0(0) 1(6.7) NA
Highest Education
University degree; n (%) 3(20) 7 (46.7) NA
Trade/Apprenticeship; n (%) 0(0) 0(0) NA
Certificate/Diploma; n (%) 6 (40) 5(33) NA
Year 12/equivalent; n (%) 3(20) 1(6.7) NA
Year 10/equivalent; n (%) 2(13) 1(6.7) NA
No formal qualification; n (%) 1(6.7) 1(6.7) NA
Fibromyalgia
Duration of Symptoms (years) (Mean + SD) 14.4 (8.7) 15.0 (10.6) 0.64
Time Since Diagnosis (years) (Mean + SD) 15.1 (10.6) 11.0 (11.0) 0.64
Arthritis
Presence of Arthritis; n (%) 3(20) 7 (46.7) NA
Primary Clinical Outcome Measures
RFIQ (Mean +SD) 65.4+9.6 59.7+19.0 0.30
BPI Pain Severity (Mean + SD) 56+1.1 54+2.1 0.76
BPI Pain Interference (Mean + SD) 6.4+1.9 6.1+2.2 0.63
Secondary Clinical Outcome Measures
PVAQ (Mean =+ SD) 50.3+10.3 47.6+11.8 0.51
PCS (Mean + SD) 249+14.2 229+16.3 0.71
AIMS Physical (Mean + SD) 22+0.9 26+13 0.68
AIMS Affect (Mean + SD) 59+1.4 47+1.1 0.17
AIMS Symptoms (Mean + SD) 5.8+2.0 55+1.9 0.80
AIMS Social Interaction (Mean + SD) 4.6+1.4 52+1.3 0.54
AIMS Role (Mean + SD) 44+0.0 2.9+0.0 ND
DASS Stress (Mean + SD) 21.1+8.6 19.2+10.1 0.59
DASS Anxiety (Mean + SD) 15.1+9.1 17.1£11.3 0.58
DASS Depression (Mean + SD) 14.1+10.0 15.7+10.8 0.68
WHO-5 Wellbeing (Mean + SD) 27.2+16.9 344+12.4 0.19
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Active (N=15) | Placebo (N=15) | P value
EQ-5D Health Status (Mean + SD) 33.1+27.0 40.6+22.8 0.42
EQ-5D Index Score (Mean + SD) 15.04+27.8 7.0+18.8 0.36
MOS Sleep (Mean + SD) 56.3+13.3 57.6+14.1 0.79
MTS (Mean + SD) 17.5£19.6 17.1£21.9 0.96
PPT (Mean+SD) 161.8+76.7 206.3+120.5 0.23

Table 1. Demographics and clinical characteristics of participants. RFIQ = Revised Fibromyalgia Impact
Questionnaire, BPI = Brief Pain Inventory, PVAQ = Pain Vigilance and Awareness Questionnaire, PCS =

Pain Catastrophising Scale, AIMS = Arthritis Impact Measurement Scale, DASS = Depression, Anxiety and
Stress Scale, WHO-5 = World Health Organisation - 5 well-being index, EQ-5D = European Quality of life - 5
Dimensions, MOS = Medical Outcomes Scale, MTS = Mechanical Temporal Summation, PPT = Pressure Pain
Threshold. NA: Not applicable; ND: Not determinable due to low sample in each group. The p values are for
the between-group statistical comparisons using unpaired students’s t-tests.
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Fig. 2. Adverse effects reported by participants during the neurofeedback sessions.

Integrity of blinding: Participant blinding was deemed successful as the treatment group was not revealed to
any individuals. In total, 58% incorrectly predicted the treatment group and 27% responded that they did not
know. The 15% who correctly predicted their treatment group all based their decision on symptom assessment.

Adbverse Effects: No serious adverse effects were reported. Several transient low intensity side effects were
reported, rated to be related to the neurofeedback treatment, by some participants. The most common side effects
in the treatment group included increase in dreaming and fatigue (Fig. 2) following sessions. No participants
discontinued the study due to adverse effects.

Acceptability and satisfaction

All participants, regardless of treatment group, reported high levels of acceptability with mean +SD of 8.4 +1.8
for active group and 7.6 + 1.8 for placebo group; however, the proportion of participants that demonstrated high
levels of acceptability (>7) was higher in active group (90%) compared to sham group (47%). In addition, both
groups also reported high levels of satisfaction with mean +SD of 7.5 + 2.4 active and 7.1 + 3.2 placebo; however,
the proportion of participants that demonstrated high levels of satisfaction (>7) was higher in active group
(60%) compared to sham group (40%).

Outcome measures

Clinical Outcomes: Table 2 presents data for primary and secondary pain and functional measures. Primary
clinical outcomes are presented graphically in Fig. 3. Figure 3 suggests that in general, participants from both
active treatment and placebo groups showed a decrease in pain at all time points. This is seen across both
components of the Brief pain inventory-short form (BPI), pain severity and interference. The measures are
comparable between active treatment and placebo groups, which suggest improvement in function at all
time points. Figure 3 also presents the percentage of participants who demonstrated changes greater than the
Minimal Clinical Important Difference (MCID) in primary outcomes between active treatment and placebo
groups. Percentage of participants who demonstrated clinically important changes for function and pain were
comparable between treatment groups.
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Clinical measure Time point Active (Mean + SD) | Placebo (Mean + SD)
TO 65.4+9.6 59.7+19.0
T1 46.9+19.6 50.1+21.5
T2 40.7 £24.0 48.0+£23.0
RFIQ T3 46.2+£19.9 46.5+£25.0
T1-TO (% Change) | -28.1+27.1 -16.6+18.9
T2-T0 (% Change) | -38.1+33.7 -20.3+£22.2
T3-T0 (% Change) | -28.5+30.8 -23.0+27.1
TO 56+1.1 54+2.1
T1 45422 45+2.4
T2 42+24 44422
BPI Pain Severity T3 46+2.3 43422
T1-TO (% Change) | -23.5+30.4 -18.1+£24.5
T2-T0 (% Change) | -27.6 +35.5 -17.0+£24.3
T3-T0 (% Change) | -19.6 +34.4 -20.7£24.6
TO 6.4+1.9 6.1+2.2
T1 54+2.4 47+2.7
T2 53+2.5 48+2.7
BPI Pain Interference | T3 50+24 48+3.0
T1-TO (% Change) | -15.7 +38.6 -23.7+£27.7
T2-TO (% Change) | -16.5+40.9 -21.7+£31.0
T3-TO (% Change) | -23.8+31.8 -23.1+£34.5
TO 50.3+10.3 47.6+11.8
T1 42.1+12.0 43.9+13.0
T2 41.5+10.0 37.7+14.5
PVAQ T3 39.6+14.4 37.2+154
T1-TO (% Change) | -15.3+21.7 -8.2+12.1
T2-TO (% Change) | -16.3+17.4 -21.8+18.9
T3-TO (% Change) | -20.7 +24.1 -23.7+20.2
TO 249+14.2 22.9+16.3
T1 18.7+12.7 14.8+12.3
T2 179+13.3 152+15.7
PCS T3 17.2+14.3 13.8+14.0
T1-TO (% Change) | -23.6+24.5 -30.2+£28.0
T2-TO0 (% Change) | -30.5+30.4 -37.3+£33.0
T3-T0 (% Change) | -34.8+36.4 -39.9+32.9
TO 21.1+8.6 19.2+10.1
T1 16.3+11.0 17.2+9.2
T2 17.5+10.0 16.9+9.3
DASS Stress T3 17.3+9.3 16.3+9.7
T1-TO (% Change) | -27.7 +38.1 -4.2+33.7
T2-TO0 (% Change) | -18.9+34.1 -5.6+32.1
T3-T0 (% Change) | -16.9+33.2 -4.7+50.9
TO 15.1+9.1 17.1+11.3
T1 89+7.6 13.1+11.4
T2 9.7+8.0 12.3+11.5
DASS Anxiety T3 9.6+6.9 13.3+11.8
T1-TO (% Change) | -39.6 +35.8 -5.6+91.0
T2-T0 (% Change) | -28.8+51.0 -22.1+394
T3-T0 (% Change) | -30.2+45.4 -6.3+94.1
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Clinical measure Time point Active (Mean + SD) | Placebo (Mean + SD)
TO 14.1+£10.0 15.7+10.8
T1 13.1+£10.4 11.9+9.6
T2 13.6+£10.3 12.3+£10.6
DASS Depression T3 12.9+9.7 127+11.8
T1-TO (% Change) | -16.9+44.9 -21.2+31.0
T2-T0 (% Change) | -10.9+48.2 -18.1+£43.7
T3-T0 (% Change) | -12.7+57.4 -20.8£53.9
TO 27.2+16.9 3444124
T1 39.5+18.3 39.2+114
T2 37.1+19.3 38.9+13.0
WHO-5 Wellbeing T3 35.7+24.6 40.3+17.4
T1-TO (% Change) | 41.0+50.6 22.8+46.2
T2-T0 (% Change) | 24.3+35.9 19.4+45.7
T3-T0 (% Change) | 18.7+71.0 16.7+£35.0
TO 33.1+27.0 40.6+£22.8
T1 42.8+29.8 41.8+23.0
T2 40.5+£29.8 43.3+23.7
EQ5D Health Status | T3 37.2+28.6 4424253
T1-TO (% Change) | 70.4+118.8 7.3+£20.2
T2-TO (% Change) | 55.94109.1 12.5+28.5
T3-TO (% Change) | 47.0+110.7 12.8+30.9
TO 15.0+£27.8 7.0+18.8
T1 16.1+29.1 9.0+22.2
T2 15.8+28.2 11.9+29.9
EQ5D Index T3 159+29.1 9.2423.0
T1-TO (% Change) | 10.5+28.5 7.3+£20.2
T2-TO (% Change) | 3.4+33.5 12.5+28.5
T3-TO0 (% Change) | 12.4+32.0 12.8+30.9
TO 56.3+13.3 57.6+14.1
T1 52.7+12.4 54.1+18.6
T2 52.5+12.7 50.1+16.5
MOS Sleep Scale T3 51.2+16.3 50.9+19.2
T1-TO (% Change) | -5.3+14.3 -6.9+17.4
T2-TO (% Change) | -5.9+13.3 -12.6+19.6
T3-T0 (% Change) | -9.1+20.1 -12.0+22.0
TO 17.5+19.6 17.1+£21.9
T1 17.3+14.3 17.8+14.4
T2 17.9+15.2 158+17.1
MTS T3 19.5+18.9 14.3+14.8
T1-TO (% Change) | -37.0 +206.3 56.8+223.3
T2-TO0 (% Change) | -17.3+155.9 -27.0+62.5
T3-TO0 (% Change) | -20.4+284.2 -37.7+64.0
Continued

Scientific Reports |

(2025) 15:209

| https://doi.org/10.1038/s41598-024-83776-8

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Clinical measure Time point Active (Mean + SD) | Placebo (Mean + SD)
TO 161.8+76.7 206.3+120.5
T1 178.3+82.9 188.7+£103.7
T2 183.5+85.8 198.9+110.1
PPT T3 174.6+85.3 210.1+£109.3
T1-TO (% Change) | 17.9+56.7 -4.9+30.2
T2-T0 (% Change) | 19.9+49.6 4.5+44.7
T3-TO0 (% Change) | 14.4+49.3 10.1+45.1

Table 2. Mean and percentage change in clinical outcomes. Mean is calculated at each time point of baseline
(T0) and follow ups (T1, T2, T3) and presented with the standard deviation (SD). Percentage change is
calculated for each participant between each follow up and their baseline scores, and the group mean with

SD is presented. RFIQ = Revised Fibromyalgia Impact Questionnaire, BPI = Brief Pain Inventory, PVAQ =
Pain Vigilance and Awareness Questionnaire, PCS = Pain Catastrophising Scale, AIMS = Arthritis Impact
Measurement Scale, DASS = Depression, Anxiety, and Stress Scale, WHO-5 = World Health Organisation - 5
well-being index, EQ-5D = European Quality of life - 5 Dimensions, MOS = Medical Outcomes Scale, MTS =
Mechanical Temporal Summation, PPT = Pressure Pain Threshold.
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Fig. 3. Median percentage change to baseline for the primary clinical measures at all time points, displayed
with percentage of participants who showed improvement greater than the MCID. Clinical outcomes are
presented as median with 95% CI, MCID are presented as the percentage of participants in each group who
reached 45% decrease in RFIQ and 30% decrease in BPI at each time point. n (active) =15, n (placebo) =15.
RFIQ =Revised Fibromyalgia Impact Questionnaire, BPI = Brief Pain Inventory, MCID = Minimal Clinical
Important Difference.

EEG Outcomes: Changes in all three regions of interest (ROI) analysed showed no distinct trends. These data
are presented in Fig. 4. Percentage change in EEG measures between the active treatment and placebo groups
are comparable.

Discussion

This study focused on exploring the feasibility and safety of a novel intervention: EC EEG neurofeedback, a form

of brain-computer interface training based on strengthening directional functional connectivity (=EC). Our

findings show that conducting a fully powered trial is feasible. Significant interest and willingness to participate

in the intervention was observed, with high retention and adherence rates. However, the time intensive nature of

the intervention, requiring thrice-weekly visits, posed a barrier that led to self-exclusion and withdrawal due to
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Fig. 4. Median percentage change to baseline of activity, functional connectivity and EC in the three ROI
targeted: SR, S1L and pgACC. Results are log transformed and are presented as median with 95% CI, n

(active) =15, n (placebo) =15. S1 =Primary somatosensory cortex, pgACC = pre-genual Anterior Cingulate
Cortex.

conflicting work or family commitments and fatigue. Regarding safety, no serious adverse events were reported
among participants. Some participants reported symptoms during the study period, although these were either
linked to pre-existing secondary symptoms of fibromyalgia or were mild, transient, and self-resolving. Increased
fatigue and dreaming were notable side effects in the active treatment group.
Interestingly, the active group reported higher occurrences of increased dreaming and fatigue compared
to the placebo group, suggesting a potential correlation with brain learning in neurofeedback training.
Enhanced dreaming, linked to nondeclarative learning following neurofeedback training, could potentially
serve as an early indicator of brain response to a protocol 2>3!. Fatigue experienced during the study seemed
linked to the training period and may be an initial response to the cognitive demands required to engage with
neurofeedback. Interestingly, studies which investigated fatigue pre- and post-treatment have seen improvement
in fatigue 1193233 One hypothesis is that fatigue may be caused when sympathetic overdrive is reduced with
neurofeedback, before the reference state is reset *. Further investigation correlating autonomic nervous system
measures to fatigue during neurofeedback training in a larger study could validate fatigue as an early indicator
of efficacy.
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Fig. 5. Study design and time-duration for each study phase. EEG: Electroencephalography,
NF =neurofeedback, pgACC = pregenual anterior cingulate cortex, S1 =primary somatosensory cortex.

Considering that neurofeedback EC training did not significantly affect clinical measures or alpha band EEG
measures above the level of placebo effect, we propose three distinct mechanisms why this might be occurring.
1) a high placebo response. High placebo response rates in fibromyalgia trials 3, driven by psychological factors
and patient motivation, complicate treatment efficacy assessments ***7, highlighting the need for robust placebo
controls in neurofeedback studies. 2) comorbid fatigue in fibromyalgia. Fatigue is a well-established secondary
symptom of fibromyalgia, and comorbidity with chronic fatigue syndrome (CFS) is common *%. Mental fatigue
reduces cognitive function, resulting from atrophy of the caudate 3°. As neurofeedback learning critically involves
the caudate ', this may explain why participants with an exhausted brain may not be capable of neurofeedback
mediated learning. Presence of CFS was not part of our exclusion criteria therefore 10% of participants had
diagnosis of CFS and many more regularly reported high levels of fatigue. 3) methodological challenges. A
proportion of individuals responded well to the EC training, while others did not. Previous findings have shown
a proportion of individuals are unable to learn to modulate their brain by neurofeedback, and therefore show
no benefits of treatment 40, Our sample size is not large enough to draw conclusions on responder analysis,
however it is an important concept to consider. Likewise, it is important to consider neurological variability
between individuals with fibromyalgia, especially given the high comorbidity with other conditions 442, If
the cortical connectivity of each individual participant in our study was different to that of the group level
characteristics we attempted to train, this may be a contributing factor as to why many participants did not
respond to the EC training used in this study.

The primary limitations are the small sample size and use of descriptive comparisons to infer trends
in clinical and EEG outcomes. Future research with a fully powered sample size would allow calculation of
statistical significance to compare clinical and EEG outcomes between treatment and placebo groups. Future
studies might look at the trend of EC over the course of the training sessions. This may allow determination of
the change in connectivity required to see a clinical effect, and to quantify when an individual has gained the
maximum benefit from the protocol.

Neurofeedback training is not a one-size-fits-all solution. It is impractical to anticipate that a single protocol
could effectively address the diverse needs of everyone with fibromyalgia, as different clinical subgroups **
likely have different brain networks involved in generating symptomatology. This study has ascertained that the
protocol is both feasible and safe for participants. Individuals with fibromyalgia in Dunedin showed substantial
interest in participating in the study, participants rated the protocol highly acceptable and there were no
significant adverse effects reported.

Methodology

Trial registration and ethical approval

Prospectively registered in Australian and New Zealand Clinical Trials Registry under registration number:
ACTRN12623000244606p (date: 07/03/2023). Ethical approval was obtained from Health and Disability Ethics
Committee (ref 2023EXP15164). All experiments were performed in accordance with the declaration of Helsinki.

Study design

A double blinded (participant/outcome assessor), randomised, placebo-controlled pilot trial with two
intervention arms (Fig. 5) was conducted at a tertiary institution. Randomisation was completed by a research
administrator not involved in treatment or assessment procedures, using an open-access randomisation
software, splitting eligible volunteers on a 1:1 basis to either Group 1: Targeted EEG neurofeedback training EC
from pgACC to S1 region, or Group 2: Placebo neurofeedback. Blinding of participants and outcome assessors
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involved concealment of group allocation. After completion of the intervention and follow-up, participants were
asked to identify the type of treatment they believed they received, rate their confidence on a scale from 0 to 10,
provide reasons for the judgement and confirm whether the intervention was revealed to them.

Participants and eligibility criteria

Thirty participants (15 per group; as this was feasibility pilot trial sample size calculation was not performed) were
recruited from Dunedin, NZ, through flyers, social media, and fibromyalgia support groups. They underwent
eligibility screening via an online questionnaire and, if eligible and willing to adhere to the protocol, received
study information and enrolment into the study. Consent was obtained before baseline testing. Inclusion and
exclusion criteria: Modified American College of Rheumatology (ACR) 2011 Fibromyalgia Diagnostic Criteria
4 (sensitivity: 86%, specificity: 90% *°) was used as an eligibility screening tool consisting of: the presence of
generalised pain, defined as pain in at least four of five regions (four quadrants and axial), symptoms present
at a similar level for>3 months and a score of >7 on Widespread Pain Index (WPI) and>5 on Symptom
Severity Scale (SS) or a score of 4-6 on WPI and of >9 on SS *4. Participants were also required to be capable
of understanding and signing an informed consent form, aged between 18 to 75 years on the day of consent,
have a score of >4 on the 11-point numeric pain rating scale (NPRS, 0= No pain to 10 = Worst pain) in the past
7 days and have a disability score of > 50 on Revised Fibromyalgia Impact Questionnaire (RFIQ) “6-*8, Written
informed consent was obtained from all participants before entering the trial.

Participants with following were excluded: neurological conditions, cognitive and psychiatric disorders,
epilepsy, substance abuse, pregnancy or within six-months post-partum, or those with unstable medical
conditions. Participants were permitted to continue their medications for the duration of the trial, with the type
and dosage of medication being recorded throughout the duration of the trial.

Intervention

Source localised EEG neurofeedback was administered three times a week (30 min/session) for a total of four
weeks (i.e., 12sessions) by a researcher experienced in delivering neurofeedback techniques. A 21channel DC
coupled amplifier and BrainAvatar™ Standardised low-resolution brain electromagnetic tomography (SLORETA)
software version 4.7.5 for Discovery manufactured by BrainMaster Technologies (Inc., Bedford, OH, USA) was
used. The SLORETA software utilizes the MNI152 standard template- a well-validated method for estimating the
cortical sources of EEG activity, which allows us to localize brain activity in three dimensions. This approach has
been extensively validated against modalities such as fMRI and PET, and it is widely accepted in EEG research.
The dosage of the intervention was chosen based on our previous studies 2>*. During each session, participants
were asked to sit on a back-supported chair and relax for 10 min, allowing the trainer to prepare the participant
for neurofeedback training. Comby EEG lead cap with sensors (Ag/AgCl) were fitted to the scalp, with reference
electrodes placed at mastoids. The impedance of active electrodes was monitored through amplifier and kept
below 5 kilo-ohms. The participants were emphasised to minimise their movements to minimise motion artifact
in EEG.

The method of neurofeedback utilized for the study was sSLORETA neurofeedback, constructed to measure
Isolated Effective Coherence (Icoh) as proposed by Pascual-Marqui®. This method identifies causal information
flow with a multivariate autoregressive model that identifies dependencies within time series data. Specifically,
Icoh provides a frequency representation of directional information flow which is in general agreement with
Granger Causality. Icoh correctly identifies a time series transmitted from region #1 to region #2, that can be
characterized as region #1 directing region #2. This relationship may be strengthened in SLORETA neurofeedback
by coupling the increase in Icoh with a reward sound. Thus, through operant conditioning of the strength of the
signal, it was hypothesized that pgACC would direct S1. The pain inhibition region would direct the pain sensing
area in cortex leading to better outcomes in people with fibromyalgia.

Active neurofeedback: Participants were instructed to relax with closed eyes and listen to sounds played.
The neurofeedback program reinforces and trains participants using the real-time EEG EC from pgACC to the
S1 bilaterally in the alpha band by providing sound feedback when EC reaches the desired threshold between
pgACC and S1 regions. Reward threshold was adjusted in real-time between 60-80%, meaning that for 60-80%
of the time, sound feedback was delivered by the system when participant’s EC at targeted regions met the
desired alpha magnitude.

Placebo neurofeedback: Conditions and preparation for placebo-neurofeedback group were same as active-
neurofeedback, except participants did not receive a sound feedback based on their real-time EC but received a
pre-recorded neurofeedback session. This was sourced from a database of recorded audio files (using audacity
software) of healthy participants who underwent neurofeedback training targeting the ratio between pgACC
and dACC + S1. This process has shown to effectively blind participants from the treatment group 2>°.

Outcome measures

Feasibility and safety measures were collected throughout, while clinical measures and EEG were collected at
baseline (T0), immediately post intervention (T1), and 10 days (T2) and 1 month (T3) post intervention (Fig. 1).
Feasibility outcomes included recruitment rate (number of participants recruited per month), proportion of
participants recruited from total number screened, with reasons for exclusion (expressed as a percentage),
adherence to intervention (number of treatment sessions attended by each participant expressed as a percentage
of the total number of sessions), drop-out rates (number of participants who dropped-out in each group,
expressed as a percentage of the total number of participants enrolled in the study.) Safety Measures: Adverse
effects and related dropouts were recorded. The Discontinuation-Emergent Sign and Symptom (DESS) scale was
used to record deterioration in any side effects compared to status prior to previous session and record any new
symptoms >°2, Intervention acceptability and satisfaction: Participant satisfaction levels regarding treatment and
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acceptability of neurofeedback was recorded on a numeric rating scale (0-Not at all satisfied/acceptable to 10-
Very satisfied/acceptable) *.

Clinical measures
Pain intensity and interference in daily activities: was captured using the BPI 35 MCID: average pain: 2.1
(32.3%); pain severity: 2.2 (34.2%) *°.

Function: was assessed using Revised Fibromyalgia Impact Questionnaire (RFIQ) *¢ (MCID 14% improvement).
As fibromyalgia co-exists with arthritis in many cases, the Arthritis Impact Measurement Scale (AIMS) was used
to measure the impact of arthritis on physical, social, and emotional well-being 57,

Psychological measures: Depression, Anxiety, and Stress Scale (DASS) was used to measure three psychological
constructs: depression, anxiety, and stress >%; (MCID: 5points *°). The normal scores are 04 for depression, 0-3
for anxiety, 0-7 for stress and 0-14 for total scores ®. Pain Catastrophising Scale (PCS) was used to measure
the extent of catastrophic thoughts and feelings about their pain !; (MCID: 3points to distinguish between
responder and non-responder ). The threshold for healthy controls is 11 for men, 15.7 for women and 13.9 in
general ®!. Pain Vigilance and Awareness Questionnaire (PVAQ) was used to measure the frequency of habitual
‘attention to pain’ %.

Quality of life and Well-being: was assessed using European Quality of Life-5 Dimensions (EQ-5D) scale ¢4
and World Health Organisation-Five Well-Being Index (WHO-5) % respectively.

Sleep: quality and quantity were assessed using Medical Outcomes Study-Sleep Scale

Measures of sensitisation: Pressure Pain Threshold, defined as the minimum force applied which induces pain,
was measured using a digital handheld algometer ¢ at the non-dominant wrist region. Temporal Summation
(TS), an increased pain perception to repetitive mechanical stimuli, was assessed using a nylon monofilament
(Touchtest Sensory Evaluator 300 g). Participants reported the perceived pain intensity immediately after first
contact with monofilament and then following ten contacts over the non-dominant wrist region. The TS index
is defined as the ratio the of "follow-up" pain rating divided by “baseline” pain rating 5%

54,66

Resting-state Electroencephalography

EEG was obtained in a quiet room while the participant was sitting upright in a comfortable chair with their
eyes closed for 10 min using the SynAmps RT Amplifier (Compudemics Neuroscan). A total of 64electrodes
were placed in the standard 10-20 International placement and impedances were checked to remain below
5kQ. Participants were instructed not to drink alcohol for 24 h prior to EEG recording or caffeinated beverages
one hour before recording to avoid alcohol or caffeine-induced changes in the EEG stream. The alertness of
participants was checked by monitoring both slowing of the alpha rhythm and appearance of spindles in the
EEG stream to prevent possible enhancement of the theta power due to drowsiness during recording. The EEG
data was resampled (128 Hz), band-pass filtered (fast Fourier transform filter) to 0.01-44 Hz and re-referenced
to the average reference using the EEGLAB function in MATLAB. The data was plotted in ICoN for a careful
inspection of artifacts and all episodic artifacts suggestive of eye blinks, eye movements, jaw tension, teeth
clenching, or body movement were manually removed from the EEG stream.

Data analysis

SPSS version 29.0 was used for all statistical analyses. As this is a feasibility study, tests for significance to compare
measures between study groups were not performed, instead descriptive statistics were used. Feasibility and
safety measures are presented in the form of proportions of participants. For primary clinical measures (pain
severity, pain interference and function) and EEG measures, we calculated percentage change from baseline for
each time point as below (e.g., for T3):

Percentage change to baseline = BT;OTOJZUJO

For primary clinical measures, we also calculated the proportion of participants that demonstrated changes
greater than the MCID7%72 at each time point when compared to baseline; which was used to descriptively
compare the two treatment groups. The MCID represents the smallest improvement considered worthwhile by a
participant and is used in clinical research to determine treatment effectiveness and depicting patient satisfaction
in reference to that treatment. The MCID for RFIQ and BPI was defined as a 45% decrease and a 30% decrease
respectively from baseline.

All clinical outcomes were analysed based on intention-to-treat (ITT) principle and as per the originally
assigned groups. Last observation carried forward methodology was used to impute missing data. Mean + SDs,
and mean differences were calculated from baseline to each interim and primary endpoint (T3) for all clinical
and experimental pain measures, and descriptively compared between groups.

EEG analysis
Standardised LORETA was used to estimate the intracerebral electrical sources that generates the scalp-recorded
activity in the alpha (8-12 Hz) band. The following analyses were conducted:

Region of interest analyses: SLORETA was used to calculate and compare the log transformed current density
changes at the targeted brain regions (pgACC and S1). The ROI maker one function in SLORETA was used to
define the region of interest. A seed point was provided for each ROI and all voxels within a radius of 20 mm
were averaged to calculate the current density.

Lagged phase connectivity (Functional connectivity): Coherence and phase synchronisation between time
series corresponding to different spatial locations are interpreted as indicators of “functional connectivity”. As
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this is highly contaminated with an instantaneous, non-physiological contribution due to volume conduction,
Pascual-Marqui introduced a new measure of coherence by considering only non-instantaneous (lagged)
connectivity ’%. Hence, effectively removing the confounding factor of volume conduction. Measures of linear
dependence (coherence) between the multivariate time series are defined. The measures are non-negative, taking
the value zero only when there is independence, and were defined in the frequency domain of alpha (8-12 Hz).
Time-series of current density was extracted for different region of interests using SLORETA. Power in all 6,239
voxels was normalised to a power of one and log-transformed at each time point. ROI values thus reflect the
log-transformed fraction of total power across all voxels separately for specific frequencies. ROI included the
targeted brain regions (pgACC, and S1) for the alpha band. Percentage changes in the functional connectivity
were calculated between the pre- and post-treatment measurements for the targeted ROIs (i.e., pgACC to S1 in
alpha band), and compared between groups.

Effective connectivity: Granger causality reflects the strength of EC (i.e., causal interactions) from one region
to another by quantifying how much the signal in the seed region can predict the signal in the target region’*.
Hence, it can be considered directed functional connectivity. The isolated effective coherence (iCoh) function in
LORETA-key software was used to calculate the Granger causality between the targeted ROIs (pgACC and left
and right S1). Granger causality is based on formulating a multivariate autoregressive model and calculating the
corresponding partial coherences after setting all irrelevant connections to zero. In general, the autoregressive
coefficients correspond to Granger causality. Granger causality is defined and calculated as the log-ratio between
the error variance of a reduced model, which predicts one time series based only on its own past values, and that
of the full model, which in addition includes the past values of another time series. It is important to note that
Granger causality does not imply anatomical connectivity between regions but directional functional connectivity
between two sources. Granger causality analysis was calculated between the targeted ROIs (i.e., pgACC to S1
in alpha band). Percentage changes were calculated between the pre- and post-treatment measurements and
compared between groups.

Data availability
The study protocol and the datasets generated during and/or analysed during current study are available from
corresponding author on reasonable request.
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